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I. INTRODUCTION AND SUMMARY 
* 
During the period covered by this report  the LM cathode invented 
a t  Hughes Resea rch  Laborator ies  as a solution to the cathode life problem 
of electron-bombardment ion thrus te rs  has been developed f r o m  a crude 
laboratory device' to a highly efficient and reliable unit, 
i s  basically a gravity-independent, force-fed vers ion of the m e r c u r y  pool 
cathode used fo r  many  years  in m e r c u r y  rect i f iers  and other discharge 
tubes. ) Fur the rmore ,  the LM cathode has been integrated successfully 
into complete Kaufman-type th rus t e r s ,  and the cathode durability has  
been demonstrated by a life tes t  which has exceeded 5250 hours ,  with 
over 4000 hours  of in- thruster  operation, 
757o.at a specific impulse of 6400 sec  (67Yo a t  3400 sec)  was reliably 
attained. 
s t ra ted  during the l a s t  1000 hours of the life tes t  with a prototype mercu ry  
feed sys tem which is suitable for  use in a flight-type propulsion system. 
F o r  the l a s t  500 hour tes t  increment the thrus te r  was a l s o  equipped with 
a n  LM cathode neutralizer.  
(The LM cathode 
An ion source  efficiency* of 
Automatic s tar tup and closed-loop operation have been demon- 
The m o s t  important tes t  resu l t s  can be summarized as follows: 
1. No cathode degradation a f t e r  3 5250 hours of operation 
2. Absolute stability of t h rus t e r  charac te r i s t ics  over > 4000 hours 
of te s t duration 
3. Extrapolated acce le ra to r  lifetime of 3 10,000 hours  
4. Complete insensitivity of th rus te r  and  cathode to  intermittent 
operation and exposure to air (even by catastrophic vacuum 
fa il ur  e )  
5.  Demonstration of 85% mass utilization a t  a power expenditure 
of 393 eV/Hg ion. 
:g W. 0. Eckhardt ,  Liquid-Metal A r c  Cathode; patent applied for .  
t Described i n  W .  0. Eckhardt,  J.  A.  Snyder, €3. J. King, and 
R.  C.  Knechtli, ''A New Cathode for Mercury  Electron-Bombard- 
ment  Thrus t e r s ,  " AIAA P a p e r  No. 64-690, Philadelphia, Pa. , 
1964; and in Summary  Report ,  Contract NAS 3-41  18. 
The ion source  efficiency is defined as  the thrus te r  efficiency, 
excluding acce le ra to r  dra in  power, feed sys tem power, neutral-  
i ze r  power, and magnet power. 
* 
1 
I t  should be noted that this t h rus t e r  performance was achieved during the 
l ife tes t  extensions of the contract  without the support  of a sys temat ic  p e r -  
formance improvement p rogram,  and  that  experimental  and theoretical  re- 
sul ts  obtained s ince the terminat ion of the l ife t e s t  have led  to fur ther  sub-  
s tant ia l  i nc reases  in mass utilization and  power efficiency. 
In paral le l  with the main  effor t  a study of the LM cathode e lec t ron-  
bombardment discharge was  c a r r i e d  out, with resu l t s  which have proved 
to be of benefit to e lectron-bombardment  th rus t e r s  in general .  
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11. L M  CATHODES 
A.  Pr inciple  of the LM Cathode 
With all liquid-metal cathodes, the discharge is operated in the 
liquid-metal pool a r c  mode to cause electrons to be emitted f r o m  the s u r -  
face. In addition to emitting electrons a t  the a r c  spot,  the liquid meta l  
surface a l s o  emits  a toms of the liquid meta l ,  as a resul t  of local heating 
(and possibly sputtering) by ion bombardment and by radiation f rom the 
dense spot plasma. An additional efflux of a toms  from the liquid resu l t s  
f rom evaporation f r o m  the inactive pa r t  of the cathode surface.  
. Our force-fed version of the liquid-metal cathode is gravity inde- 
pendent. The volume of liquid meta l  which is  exposed to the discharge is 
sufficiently small that it is able 
forces ,  and it is held in place by adhesive attachment to the pool-keeping 
structure. ' '  
of metal  a toms f rom the liquid metal surface is used to feed the expellant 
into the discharge chamber .  
with pool-keeping s t ruc tures  of divergent-nozzle geometry,  as shown in 
F ig .  1. A ma jo r  advantage of the divergent geometry is that i t  auto- 
matically stabil izes the liquid meta l  surface a t  that level in the pool- 
keeping s t ruc ture  a t  which the ra te  of removal of metal a toms f r o m  the 
pool surface is exactly balanced by the expellant feed r a t e  to the pool, 
which is  s e t  at  the value des i red  for  thruster  operation. 
face move downstream of i ts  equilibrium position, the increased a r e a  
of the pool surface resul ts  in a n  increased ra te  of evaporation of meta l  
a toms,  thereby returning the exposed surface toward its equilibrium 
position. Should the level recede f rom i ts  equilibrium value, the r e -  
sultant decreased  r a t e  of evaporation likewise a c t s  to stabilize the leve l .  
to maintain its integrity by cohesive 
In the ion thrus te r  application of this cathode, the removal 
The most  favorable resul ts  were  obtained 
Should the s u r -  
If sur face  evaporation constitutes the ma jo r  mechanism f o r  re- 
moval of meta l  a toms f rom the pool surface,  both the electron and the 
atom flux emanating f rom a n  LM cathode a re  separately and independently 
variable s o  long as  the cathode is operated a t  a constant temperature .  
The electron cu r ren t  is s e t  to the des i red  value by adjusting the power 
supply which dr ives  the discharge.  The atomic flux is s e t  independently 
to its des i red  value, which is  equal to the liquid metal  feed ra te .  In the 
ion thruster  application, the rat io  Ke/Ka of e lectron to a tom f l u x  can be 
set to that value which optimizes the performance of the ent i re  th rus te r  
system. 
F o r  brevity, we r e fe r  to this gravity-independent, force  -fed .I. 'C 
liquid-metal cathode in general  as  the Liquid-Metal o r  LM cathode; for  
reference to a par t icular  liquid meta l ,  i ts  chemical symbol is added in 
parenthesis,  e . g . ,  LM (Hg) cathode, in the case  of mercu ry .  
3 
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F i g .  1 .  Par t i c l e  flow a t  surface of LM (Hg) cathode. 
9 
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In o rde r  to optimize the usefulness of the LM cathode fo r  electron- 
bomba rdm en t thrust  e r s, the po s s ible pe rf orma nc e -1 im it ing mechanisms 
had to be first identified and then eliminated. 
were  found to require  attention: (a) the necessity of avoiding a thermal  in- 
stability a t  high cu r ren t  and low heat rejection ra tes ,  (b) the reduction of 
feed rate fluctuations, and (c) the pFevention of arc spot interaction with 
the magnetic field in the discharge chamber .  These problems and their  
so11;Ltions a r e  described in detail in the following sections.  
The following problems 
The cathode designs which evolved following the elimination of the 
detrimental  effects (a), (b),  and (c) have  yielded electron-to-atom emission 
ratios one o r d e r  of magnitude above those of conventional pool cathodes 
and far exceeding those required for  optimum thrus te r  operation. Thus 
i t  became possible to use the LM cathode not only as a long-life cathode 
in the main discharge chamber ,  but a l s o  as a sput te r - res i s tan t  and effic- 
ient neutral izer .  
B. Identification of P e  rfo rmance -Limiting Mechanisms 
1 .  Temperature  -A rea  Dependence 
An LM cathode will be stable against  small perturbations 
of feed ra te  or  discharge cu r ren t  if the total evaporation ra te  decreases  
when the exposed liquid-metal sqrface decreases  (and vice versa). 
ever ,  this correlat ion (decrease  of the total evaporation ra te  resulting 
f rom a dec rease  of the exposed a r e a )  will prevail  only if the effect of a 
decrease  of the exposed surface a r e a  is not overcompensated by a la rge  
increase in evaporation ra te  pe r  unit area. Therefore ,  the stability r e -  
quirement  means that any  change in surface temperature  which accom-  
panies a change i n  surface a r e a  mus t  be ei ther  in the favorable direction 
o r  sufficiently small .  
How- 
It should be recalled that the a r c  spot changes its position very 
-1. -r 
rapidly along the Circumference of the exposed liquid-metal surface,  
spending approximately equal t imes a t  any portion of this c i rcumference.  
Therefore ,  the density of thermal  power flow into the exposed liquid-metal 
surface (and, consequently, i ts  temperature  and evaporation rate  per  unit 
a r e a )  will increase when the per imeter  of the exposed liquid-metal surface 
a r e a  dec reases .  
the unfavorable direction and, if not kept sufficiently small by a suitable 
This means that the tempera ture-area  dependence is in 
In the c a s e  of mercu ry ,  this s ta tement  holds within the range of .I. ' 'P 
the ratio (cathode current) / ( length of c i rcumference of exposed mercu ry  
surface) ,. which is of interest  for  th rus te r  applications. 
5 
thermal  design, will r ende r  the cathode unstable.  
A re lated problem is that of thermal  overload. Under operating 
conditions in  which the c u r r e n t  is too high f o r  a given cathode o r ,  equiva- 
lently,  the heat rejection i s  too low fo r  a given cur ren t ,  it has  been ob- 
se rved  experimentally that the liquid level  is dr iven to  z e r o  and  the a r c  
extinguishes Tempera ture  measu remen t s  with a n  annular  thermocouple 
surrounding the pool-keeping s t ruc tu re  fully verified that this instability 
is indeed of thermal  origin.  
2. F e e d  Rate  Fluctuations 
Even  when the thermal  design of a l iquid-metal  cathode 
pe rmi t s  stable.  operation in the presence  of sma l l  per turbat ions of feed 
r a t e  o r  d i scharge  cu r ren t ,  the permiss ib le  amplitude of these pe r tu r -  
bations is l imi ted  by the range of variabil i ty of the exposed liquid-metal 
sur face  a r e a  which the par t icular  cathode geometry  can  accommodate .  
Visual observation of a n  LM(Hg) cathode with a nozzle geometry  
as shown in F ig .  2 (operated within its range of thermal  stabil i ty) showed 
that,  under various operating conditions, ra ther  regular  sho r t - t e rm 
fluctuations of the m e r c u r y  sur face  position indeed exis ted with a n  ampl i -  
tude which w a s  not contained by the nozzle cone of 0. 76 mm maximum 
diameter .  It was decided that this problem should be approached both by 
increasing the amplitude which can  be contained by the nozzle geometry 
and  by locating and reducing the 2ffects causing the fluctuation. 
A possible cause of s h o r t - t e r m  fluctuations was  seen  in the ex is t -  
Especial ly  in  conjunction with a cathode operating c lose  to the 
ence of a l a rge  plenum chamber  between flow impedance and orifice ( s e e  
F ig .  2 ) .  
l imi t  of thermal  stabil i ty,  the liquid meta l  contained in the plenum volume 
will change i ts  t empera ture ,  and  hence i ts  density,  as  a function of the 
surface position in  the cone, as  d iscussed  above. Because of the direct ion 
of the cor re la t ion  between sur face  position, t empera ture ,  and liquid me ta l  
density, this si tuation can give r i s e  to a nonlinear oscil lation of the sur face  
position. Such a n  oscil lation is equivalent to a feed r a t e  fluctuation and can  
exist even when the ac tua l  feed r a t e  through the flow impedance remains  
c ons tant . 
3 .  Mag net ic F ield Interaction 
The a rc  spot behavior of a n  LM cathode can be influenced 
considerably by the p re sence  of a n  axial magnetic field, as was  revealed by 
visual Observation of a n  ,LM cathode operating in  a P,enning discharge 
chamber .  A magnet ic  field of sufficient intensity causes  the a r c  spot 
pat tern to rotate  around the c i rcumference  of the exposed mercur .y  sur face .  
When the m e r c u r y  sur face  is located in a divergent nozzle,  the centrifugal 
force  acting on a rotating arc  spot causes  the a r c  spot to move to a location 
6 
i 
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Fig .  2 .  Ear ly  experimental  LM cathode design.  
€506-5 
of l a r g e r  radial  position (i. e . ,  downstream i n  the nozzle cone). 
moving, the a r c  spot pulls the circumference of the exposed m e r c u r y  
surface along, and the Surface continuity will be disrupted -if the force 
exerted by the interaction of the a r c  spot with the applied magnetic field 
exceeds the sur face  tension force .  
therefore determines a n  upper l imi t  for  the magnetic field which can be 
tolerated on the cathode axis. 
In 
This will resul t  in a r c  instability, and 
The maximum permissible  magnetic field, as determined by this 
mechanism, m a y  (especially for  th rus te rs  of relatively smal l  diameter)  
be well below the field required fo r  optimum thrus te r  performance. 
fore ,  if this were  permit ted to occur ,  a performance limitation would r e -  
sult .  
There-  
C. Design Considerations for  Optimum Performance  
1. Design for  Thermal  Stability 
Once the mechanism of thermal  instability had been 
identified, i t  became possible to design cathodes which a r e  stable up to 
any desired maximum current .  The most  crucial  design objective is to 
prevent thermal  overload. This is  achieved by maximizing the thermal  
conductance to the heat sink f rom the minimum c r o s s  section region of 
the pool-keeping s t ruc ture .  Although this increased conductance near  the 
throat of the pool-keeping s t ruc ture  r a i se s  the threshold for  instability of 
a given cathode to above i ts  normal  operating l imi t s ,  the thermal  destab- 
ilizing influence sti l l  pe r s i s t s  s o  long as  the thermal  conductance decreases  
with decreasing liquid level. In response to flow perturbations,  this pe r -  
sisting thermal  destabilization resu l t s  in l a r g e r  excursions in liquid level 
f rom i ts  equilibrium value than would resul t  in the isothermal  case.  The 
amplitude of these excursions can be diminished, however, by actuallv 
reducing the thermal  conductance to the heat sink f rom the downstream 
end of the pool-keeping s t ruc ture .  This reduces the dependence of the 
temperature  on liquid level,  and thus reduces the destabilizing effect. 
2. Design for  Steady Liquid-Metal Flow 
In  o rde r  to minimize the effect of thermal  expansion of the 
liquid-metal volume bounded on the upstream side by the flow impedance 
and on the dqwnstream side by the f ree  surface in the orifice,  the plenum 
chamber created by a separation between flow impedance and nozzle throat 
(as shown in Fig.  2) should be made  as small as possible. The lower l imit  
for  this minimization is given by the requirement  that the ent i re  c r o s s  
section of the flow impedance be utilized. 
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3. Resign f o r  Magnetic Stability 
Two basically different possibil i t ies ex is t  for  keeping the 
magnetic f ie ld  in the cathode nozzle region small, re la t ive to the field in -  
s ide  the discharge chamber :  (1) magnetic shielding by a high-permeabili ty 
f ie ld  shunt, o r  (2) creat ion of a cusp-shaped field configuration and  place- 
men t  of the cathode orifice in the vicinity of the saddle point. 
these approaches  have relat ive advantages,  and  the choice depends styongly 
on the d ischarge-chamber  field geometry,  
successful ly  in e lectron - bomba rdment  th rus t e r s  employing ei ther  solenoids 
o r  permanent  magnets .  
Both of 
We have used both approaches 
F igu re  3(a) shows a n  embodiment of the high-permeability shunt 
concept as applied to a solenoidal f ield configuration. 
f ield which would otherwise have passed  through the cathode a r e  red i rec ted  
to pass  inFtead through the shunt, thereby placing the LM cathode in a 
region of low magnetic field. 
in F ig .  3(b) by placing the LM cathode in the vicinity of a saddle  point 
c r ea t ed  by a permanent  magnet  field generating configuration. 
emanate f r o m  both s ides  of the magnetic end plate in opposite directions,  
again result ing in a region of low magnetic field in the vicinity of the 
cathode. 
Lines  of mqgnetic 
The s a m e  resu l t  is accomplished,  as  shown 
Fie ld  l ines  
D. Design of Life-Tested Main Thrus t e r  Cathode 
Based  on the considerations l is ted above, a cathode design has  
been evolved which is shown in schematic  c r o s s  sect ion in F ig .  4.. Fig .  5 
is a n  overal l  view of this cathode with all majQr components of the a s sembly  
c lear ly  visible;  the cathode is mounted inside a magnetic shield for  use on 
a solenoid-type th rus t e r .  A closeup of the pool-keeping s t ruc tu re  and  the 
surrounding s ta in less -s tee l  i n se r t  is shown in Fig.  6. 
F o r  convenience in experimentation with this laboratory-type cathode, 
i t  was designed for  liquid cooling; flight vers ions will use heat conduction to 
the thrus te r  shel l  and  radiation cooling. 
water  was used to keep the cathode a t  a tempera ture  o f=  35OC. 
cooling, a cathode of the s a m e  geometry  has permit ted sa t i s fac tory  th rus t e r  
operation a t  a tempera ture  of M 135OC. 
and  high-temperature  LM cathodes s e e  Section V - F .  ) 
Throughout the life tes t ,  cooling 
With oil 
( F o r  details  concerning this tes t  
E. Design of LM Cathode Neut ra l izer  
Simultaneously with tes t s  per formed on the main  th rus t e r  cathode, 
the feasibil i ty of a n  LM cathode capable of operation a t  typical neut ra l izer  
cu r ren t s  for  9 20 c m  diameter  t h rus t e r  had been demonstrated under Company 
funding. The cont rac t  requi rements  were  then modified to include opera tion 
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of a cathode of this type as a neut ra l izer  f o r  the beam of the l i f e - t e s t  
t h rus t e r  during the last 500 hour increment  of the life test .  
The design of this neutral izer  cathode is i l lustrated by Fig .  7. 
The main  difference (other  than s ize)  between the neutral izer  pool-keeping 
s t ruc tu re  and  that of the ma in  th rus t e r  cathode is in the use of a bi-metal  
s t ruc tu re  for  the neutral izer .  The  ups t ream portion cons is t s  of a me ta l  
which is permanently wettable by m e r c u r y  (such as copper  o r  platinum), 
while the downstream portion is m a d e  of a r e f r ac to ry  meta l  (such as 
molybdenum o r  tungsten) which r equ i r e s  the presence  of a n  a r c  spot  for  
each rewetting a f t e r  consumption of a previous m e r c u r y  l aye r .  This 
combination resu l t s  in the abil i ty to contain a l a rge  amplitude feed r a t e  
fluctuation, while l imiting the a r c  spot  pat tern excursions under normal  
operating conditions to  the ups t ream proximity of the dividing line between 
the twQ mate r i a l s ,  thereby maximizing the obtainable e lectron-to-atom 
emiss ion  ratio.  
a s 
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Fig .  7. Schematic cross  section of LM cathode neutralizer (not to 
scale). 
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III . FEED SYSTEMS 
A .  Gas P r e s s u r e  Feed  System 
W i t h  a n  LM cathode, liquid mercu ry  can  be fed direct ly  to the 
cathode f rom the s torage r e se rvo i r ;  hence, the propellant feed sys tem 
can be very simple.  One of the sys t ems  which has been utilized to feed 
m e r c u r y  to the cathode is shown in Fig.  8.  This sys tem,  developed under 
a previous contract ,  was used f o r  the main thrus te r  cathode throughout 
mos t  of this contract  period, and i t  was a l s o  used exclusively to feed the 
neutral izer .  
m e r c u r y  out of a cylinder,  through a delivery tube, and thence through a 
porous tungsten flow impedance to the cathode. 
driven by a constant p re s su re  of gas  furnished through a regulator f r o m  
a standard tank of nitrogen. 
ment  of the piston s t em is used to monitor flow rate .  
controlled over a wide range by adjusting the driving p res su re .  
$6 
The delivery mechanism consis ts  of a piston which dr ives  
The piston itself is 
A dial  indicator mounted to indicate the move- 
The feed r a t e  can be 
B. Vapor P r e s s u r e  Feed  System 
A design requirement for  LM cathode feed sys tems applicable to 
space use is  the provision for  a pressurizing system which continuously 
regulates the p r e s s u r e  without requiring a la rge  h igh-pressure  gas  s torage 
vessel ,  as would be required. with a conventional relief-valve type of a 
system which can reduce p res su re  only by venting gas .  
A propellant feed sys tem which sat isf ies  this requirement is shown 
in Fig.  9 .  
thus providing a low fr ic t ion sea l  which requi res  no lubricant. 
the piston is provided by a p r e s s u r i z e r  unit which consists of a bellows sealed 
inside a housing. 
liquid - in this case  distilled water .  
changed to  vapor. 
ture ,  accura te ly  following the saturated vapor p re s su re  curve.  
piston arrangerneQt is necessary to provide thermal  isolation between 
p r e s s u r i z e r  and reservoi r ,  thus minimizing the response t ime constant of 
the system. 
ing diaphragm f rom the mercury ,  so that the two were  in  intimate thermal  
contact, it  would be necessary  to temperature  control the ent i re  volume of 
mercu ry  (which could be g rea t e r  than 100 lb) and the response would be very 
sluggish. 
The piston is sealed to the cylinder wall with a rolling diaphragm, 
The force on 
The space between bellows and housing is filled with a 
By heating, some of the water  is 
Thus the p r e s s u r e  in the sys tem is  a function of tempera-  
The double 
Ii the water  was simply placed on the opposite side of the ro l l -  
$6 'NAS 3-4118. 
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C. Refilling System 
During the ea r ly  p a r t  of the coqtract  per iod,  including the beginning 
of the life tes t ,  refi l l ing of the g a s  p r e s s u r e  feed sys t em entailed the 
following sequence: extinguishing the a r c ;  removing the r e s e  rvoir p r e s s u r e  
cap  and  piston; refilling with liquid meta l  by hand; reassembling and  
evacuating sys t em;  res ta r t ing  a r c .  A sys tem was  devised subsequently 
which has  the following advantages:  
cedure:  
1. 
2. 
3 .  
4. 
5. 
6 .  
1. continuous a r c  
2. 
3 .  
4. 
6. t ime  saving. 
F igu re  10 is  a schematic  c r o s s  section, of this refi l l ing system. 
feed sys t em is not disassembled 
constant positive p r e s s u r e  on m e r c u r y  applied by piston 
no possibil i ty of liquid meta l  becoming contaminated 
. 5. elimitmtion, of air  bubbles in liquid meta l  
.b e,-
The s torage chamber  i s  filled manually with liquid meta l ,  which is then 
continuously degassed by a forepump. When needed, liquid meta l  is t r ans -  
f e r r e d  to the feed sys t em of a n  operating LM cathode by the following p r o -  I 
P i s t s n  of main  p r e s s u r e  chamber  is lifted to top of cylinder 
into wider  d i ame te r  sect ion 
Liqyid m e b l  in s torage chamber  i s  then emptied into the main  
p r e s s u r e  chamber ,  appropr ia te  valves a r e  closed, and  piston 
is re inser ted  into narrow portion of cylinder 
Connection is m a d e  to the cathode by m e a n s  of a t m n s f e r  hose.  
This  l ine is evacuated by the forepump. 
The feed valve on the main  p r e s s u r e  chamber  is opened, and 
the hose is fi l led with liquid meta l  up to the refi l l  valve of the 
feed sys t em 4 
s I 
A nitrogen p r e s s u r e  i s  applied to the top of the piston of the 
ma in  p r e s s u r e  ch8mber which i s  slightly g r e a t e r  than the 
p r e s s u r e  on the piston of the feed sys t em.  The refi l l  valve 
is opened and the feed sys t em r e s e r v o i r  is fi l led 
Af te r  billing, the refi l l  valve is closed and the refilling sys t em 
is removed. 
Al l  the above s teps  are accomplished without exposing the liquid 
meta l  to air and  while the a r c  is continuously running. 
Descr ibed in T.  A .  Planz ,  "Liquid Metal Propel lant  Refill System,"  
IfUC Paten t  Disclosure 67064, 1967. The s a m e  basic t r ans fe r  
method can be used with ion engine a r r a y s ,  employing small individ- 
ual ta,nks O n  each  engine which a r e  refilled periodically f r o m  a main  
p r  opella nt r e s  e r voi r. 
.I *a- 
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D. Flow Impedance 
The final e lement  of a n  all-liquid-phase feed sys tem fo r  L M  cathodes 
is the flow impedance. 
e lectrQn-beam welded into a coaxial molybdenum holder. E a r l y  in the 
contract  period thia holder was a n  integral  extension of the cathode i tself ,  
as shown in F ig .  2; l a t e r ,  however, a n  iQdependent holder such as that 
shown in  F ig .  7 was  used fo r  ease of interchangeability. 
This consis ts  of a porous tungsten plug which is 
E a r l y  in the use  of such a n  impedance i t  was recognized that the 
flow clmracter is t ics  were  neither l inear  nor well reproducible a f te r  de-  
pressurizat ion.  Consequently, effor ts  were  initiated to find a n  impedance 
which would give reproducible resul ts ,  and a t  the s a m e  time allow the 
original porous tungsten vers ion to be tes ted for  long life a t  constant 
p re s su re .  
.l, 
The other  types of impedances which have been flow tested ( a t  
p r e s s u r e s  ranging f r o m  1. 5 to  150 psia) included glass  capillary bundles,cr 
single capi l lar ies  of g lass  (0.  005 in. i. d . )  and s ta inless  s teel  (0 .  004  in. i. d. ), 
and s ta inless  s teel  capi l lary bundles. + The tes t s  on all of these have shown 
unsatisfactory flow charac te r i s t ics ,  such as severa l  hours  of time lag 
between p res su re  application and equilibrium o r  s teady flow, and extreme 
sensitivity to  gases  o r  wa te r  vapor entrained in the m e r c u r y  s t r e a m  f rom 
organic hoses .  
On the other  hand, the long-duration tes t s  with porous tungsten 
showed that the observed nonlinearity and  shifts in flow ra te  a f t e r  dep res s -  
urization a r e  not detrimental  in actual  use. These tes t s  culminated in 
three successive runs fo r  a total of 1012 hours,  with a porous tungsten 
impedance of 7 p m  nominal pore s ize ,  '7570 density, 0.  150 in. d iameter ,  
and 0,  Q60 in. thickneqs.* 
the r e se rvo i r  was depleted on the third run. 
in Table I. 
The tes t  was discontinued when the m e r c u r y  in 
The resul ts  a re  summar ized  
J. *P " A r r a y s  of c a p i l l a r y  glass  tubes s intered together and s l iced into 
wafer f o r m  witLi uniformly s ized passages perpendicular to the surfaces  
f rom Permeonics  Corporation, Cambridge, Massachuset ts .  P o r e  s izes  
obtained f o r  tes t  as  feed sys t em impedances ranged f rom 3 to 100 pm; 
the bundles had 0. 150 in. d iameter  and were  0. 100 in. long. 
f Seamless  s ta inless  s teel  tubes, 0. 150 in. i. d . ,  packed with 
capi l lary tubes 0. 009 in. 0.  d. , 0. 0025 in. wall, f rom Pacific Tube Company, 
5710 Smithway Street ,  Los Angeles,  California. 
Supplied by Semicon Assoc ia tes ,  Iac . ,  P. 0. Box 832, Lexington, 
Kentucky. t 
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TABLE I 
Flow Stability 
Duration, P r e s s u r e  
hours  A p pl ie d , 
p s  ia 
150 80 
387 70 
475 70 
i 
Average Maximum 
Normal-  Deviation 
ized Rate  f r o m  
of P i s toa  Average ,  
Displace7 70 
ment ,  
10-6 in /  
hour - 
ps ia 
93. 8 1 . 3  
16. 3 2 . 5  
11.8 1 
I 1 
tun 
gum - 
,e r 
Reaqon f o r  
Interruption 
Mercury  depleted 
Modification of 
t e s t  facil i ty fo r  
reasons  outside 
this tes t  
Mercury  depleted 
The measu remen t s  conclusively demonstrated that during any  unin- 
te r rupted  run the fluctuations in  flow ra t e  a t  constant p r e s s u r e  were  small 
enough to requi re  only occasional readjus tment  in long th rus t e r  runs o r ,  
a l ternat ively,  to  be easi ly  compensated by a feedback loop, as descr ibed  
in Section V-D-2. 
S imi l a r  resu l t s  w e r e  obtained with porous tungsten impedances p ro -  
duced a t  Hughes Resea rch  LiLboratories. 
s i ze  distribution centered a t  2.  7 pm,  80% density, and  the s a m e  dimensions 
as  mentioned above. 
dependence in  the flow range required for  main  thrus te r  cathodes,and was 
used in all subsequent experiments  with such cathodes. ,  
These had a m Q r e  uniform pore 
This impedance type exhibits a smooth f low-pressure  
F o r  the neut ra l izer  flow impedance i t  was necessary  to shift the 
range where  the smooth f low-pressure dependence ex is t s  to lower flow 
values by a fac tor  of d o .  
ness  of the flow-impeding l aye r  by a f ac to r  of 20,  and  by reducing i t s  
c ross -sec t iona l  a r e a  by a fac tor  of 4, 
with 4 pm nominal pore s ize  and 8570 density was  used, and m o s t  of & the s u r -  
face  was sea led  by e lec t ron-beam washing, as indicated in F ig .  7." 
This was  accomplished by increasing the thick- 
Porous  tungsten produced a t  HRL 
The technique fo r  producing these impedances is descr ibed in 
3 .  A ,  Snyder,  "Large Length to Diameter  Ratio F i l t e r  o r  Imped- 
ance ,  ' I  HAC Pa ten t  Disclosure 67063, 1967. 
.t. *e- 
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E. 
One of the requirements  f o r  feeding a n  LM cathode a t  the p ro  e r  
r a t e  is the abi l i ty  to  m e a s u r e  the flow ra t e ,  which is typically < 1 c m  ej /hour ,  
F o r  the ma in  th rus t e r  cathode, this problem was  solved by establishing a 
c lose  cor re la t ion  between flow ra t e  and beam cur ren t ,  and  using the beam 
c u r r e n t  a s  a m e a s u r e  f o r  the flow ra t e ,  
Section V-D-2.)  F o r  the neut ra l izer  cathode i t  now appea r s  possible to use  
a n  observed cor re la t ion  between the flow ra t e  and  the small variations in  
the discharge voltage in a similar way, but this had not yet been demon- 
s t r a t ed  during the contract  period. 
flow r a t e s  provide a n  instantaneous electr ical  readout,  but they a r e  both 
indirect .  
a d i rec t  flow measur ing  technique giving instantaneous e lec t r ica l  r a t e  read-  
out would be desirable;  because electrolyt ic  feed sys t ems  a re  capable of 
filling this need, some  effor t  was devoted to their  development. 
E lec t ro lys i s  can be employed in one of two ways i n  m e r c u r y  feed 
(This  is discussed in detail in 
Both of these methods f o r  determining 
During the ea r ly  p a r t  of the contract  per iod i t  was believed that 
sys tems:  (1) as  a means  f o r  both producing a flow and measur ing  i ts  ra te ,  
and (2)  as a means  f o r  measur ing  the flow ra te  and producing a signal 
which controls  a feed sys t em,  as descr ibed  in Section 111-B. 
The basic  embodiment of scheme (1) i s  i l lustrated by Fig.  11. 
Here  a n  insulating-wall sect ion of the feed  l ine contains a n  e lectrolyte  
between two porous membranes  which a r e  permeable  fo r  the electrolyte ,  
but not f o r  liquid m e r c u r y  ( a t  the p r e s s u r e  differentials required in the 
sys tem) .  If the m e r c u r y  on the ups t ream side is held under a constant 
p r e s s u r e  by the r e s e r v o i r  in o rde r  to confine the electrolyte  to the space 
between the membranes ,  application of a voltage between $he two m e r c u r y  
columns resu l t s  in e lectrolyt ic  t r a n s f e r  of m e r c u r y  a t  a r a t e  exactly p ro -  
portional to the instantaneous electrolysis  cur ren t .  : 
Because all e lectrolyt ic  devices employing membranes  a r e  l imited 
in  c u r r e n t  density by polarization effects within the membrane  po res ,  
relatively l a r g e  membrane a r e a s  were  provided by using concentric g l a s s  
f r i t  cyl inders .  
Cur ren t  densi t ies  obtained w e r e  1 . 5  to 0. 5 ma  c m - Z ,  respectively.  The 
t e s t s  demonstrated that m e r c u r y  could be electrolytically pumped aga ins t  
a t  l e a s t  a 2 a t m  p r e s s u r e  differential .  They a l s o  showed that continuous 
pumping f o r  a ve ry  long t ime was feasible against  a Constant head of 
600 T o r r ,  with no degradation a f t e r  570 hours.  
Typical f r i t  wall thickness ranged f r o m  1 . 8  to 4. 7 mm. 
In another  experiment  the electrolyte  was held only within the pores  
of a single f r i t  cylinder by capi l la ry  action. 
provement  ove r  a double cyl inder  with the equivalent wall  thickness ,  
This  scheme showed no im- 
It 
This  approach was  invented and i ts  principle demonstrated p r i o r  4. Tp 
to the subject  contract ,  I t  is descr ibed  in W. 0. Eckhardt ,  "Gravity- 
Independent Mercury  Flow Control and Metering Device, " HAC Paten t  
Disclosure 6081, 1964. 
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was observed generally with glass  f r i t  cylinders that there  was a noticeable 
nonun,iformity of pore s ize  f rom one par t  of the cylinder to another.  
could lead to nonuniform response because the smaller pore s izes  would 
satqrate  quickly and gas ,  as  a resu l t  of overload. 
sheet membranes  were  a l s o  investigated a s  possible b a r r i e r s  in a m e r c u r y  
electrolytic cell ,  but showed l e s s  capability (0. 3 mA cm-2)  than the glass  
f r i t s .  
This 
Various la rge  organic 
The glaFs capillary a r r a y s  mentiQned in Section 111-D have been 
Using a flat, shown to be a very suitable membrane  o r  cell  separa tor .  
thin disk Qf this mater ia l  (0.030 in. thick, 0. 150 in. diameter) ,  a cu r ren t  
density of 4 mA c m F 2  was maintained for  severa l  days,  and the accuracy  
of the mebering method was demQnstrated to be w 1% when operating against  
a constant p re s su re .  
g lass  ma t r ix  itself by capillary act ion and the m e r c u r y  is against  both s u r -  
faces  of the disk, 
during severe  vibrations cpuld impai r  the cur ren t  carrying capacity with 
this geometry.  
holds mQre promise fo r  a long-life electrolyte unit. 
0. 010 in. thickness were  tested a t  the close af the contract ,  but they 
suffered damage during processing. 
In this configuration, the electrolyte is held i n  the 
However, l o s s  of electrolyte o n a  microsca le  basis  
Accordingly, a double membrane  cell  as shown in F ig .  11 
Glass  bundles of 
The m o s t  obvious embodiment of scheme ( 2 )  simply omits the por-  
ous membranes  in Fig.  11 and uses  some sensing device to determine the 
location gf the electrolyte bubble. 
severa l  o r d e r s  of magnitude higher than the membrane  sys tems,  bpt in i ts  
s implest  form require9 sensing methods which a r e  ra ther  complicated be- 
cause the electrolyte is positioned in a Cylindrical tube, thus making the 
propert ies  of the electrolytic t ransfer  gap intrinsically independent of axial 
position. 
electrolyte w t  of the permissible  range of axial  shift in case  of a temporary  
overload o r  malfunctioning of the control system. 
$3 This approach permits  cu r ren t  densit ies 
In addition, a cylindrical tube does not prevent escape of the 
These disadvantages a r e  eliminated by the embodiment shown i n  
Fig.  12. -t The various nunibered zones have'thfollowing functions: In normal  
operation, the gap is in the conical zone IV ,  where the voltage a c r o s s  the 
gap (at constant impressed  cur ren t )  is a strong function of the cross-sect ional  
This approa'ch was  a l so  invented and  its principle demonstrated pr ior  4. -P 
t o  the subject Contract. It is descr ibed in H. J .  King, "Metering System 
for  Liquid Mercury,  I' HAC Patent  Disclosure 6084, 1964, 
f 
supported, effort  c a r r i e d  out simultaneously with the l i fe- tes t  extensions 
of the subject contract ,  It is described in H. J. King, W .  0. Eckhardt ,  
and J. A .  Snyder, "Liqqid-Mercury Flow Meter ,  I '  HAC Patent  Disclosure 
7025, 1966. 
T h i s  device was invented and demonstrated during a Company- 
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Fig.  1 2 .  Electrolyt ic  m e r c u r y  flow meter ., 
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area (and hence the axial position). A t  constant e lectrolysis  cu r ren t  and 
varying m e r c u r y  flow rate, the gap position will shift ups t ream o r  down- 
s t r e a m ,  a e d  the deviqti9n of the gap voltage f r o m  i ts  value a t  the center  
position can  be used as the e r r o r  signal in a control loop adjusting the 
m e r c u r y  feed ra te .  If the gap is shifted to e i ther  of the ex t reme positions 
in zone IV by a g r o s s  discrepancy between the actual  flow ra te  and the in- 
tended flow rate (as determined by the impressed  electrolysis  cur ren t ) ,  the 
maximum e r r o r  signal will be maintained eveni3the discrepancy pe r s i s t s  f o r  
a while because the gap can move fo r  some time without changing i ts  c r o s s  
section in zones 111 and V ,  respectively.  These zones should be made  long 
eeough to  gccammodate the normal  response t ime of the control loop. Should 
the intended @ow ra te  not be reestablished fo r  some reason when the gap 
reacheq the outer  ends of z w e s  111 or V ,  escape of the electrolyte is  p r e -  
vented by zones 1s and.VI. Thei r  operation is based on the fact  that a liquid 
bubble which wets the tube walls cannot be expanded to  a r b i t r a r y  d iameters  
when bounded by a liqwid which does not wet the tube walls;  instead, in o rde r  
to  maximize i ts  attachment area to  the wettable wall ,  the bubble will jump 
into a n  a s y m m e t r i c  position (thus permitt ing the two m e r c u r y  columns to 
ghort out) when i t  is  pushed into a c r o s s  section of such diitmeter that the 
a symmet r i c  position resu l t s  i n a  smaller value of the surface energy. How- 
eve r ,  becauqe a n  even smaller sur face  energy is available in the symmet r i c  
position a t  a smaller d iameter ,  the a symmet r i c  bubble will subsequently 
c reep  back into zone 111 o r  V ,  respectively,  and re - form a gap between the 
m e r c u r y  columns. Zones I and VII ,  finally, a r e  provided to t r ap  the e lec-  
trolyte positively within the flow m e t e r ;  the surface-energy argument  shows 
that the electrolyte bubble cannot en ter  the reentrant  sections of the m e r c u r y  
l ines.  
Experiments  with this type of flow m e t e r  have shown that a n  adequate 
voltage excursion fo r  control purposes (e.  g. , a rat io  of 1 .5 : l )  is easily 
obtained. A flow m e t e r  of this type could be used fo r  measur ing  the flow 
rate  to a n  L&4 cathode neutral izer ;  it  would have a power consumption of 
less than 50 mW/A of neutral izer  cur ren t .  
F. Mercury  Pur i ty  
Al l  m e r c u r y  used was supplied by Bethlehem Apparatus Company, 
Inc. , F r o n t  and Depot S t r ee t s ,  Hellertown, Pa. , as  "instrument grade,  
triply disti l led mercu ry"  in 5 16 g l a s s  bottles. The general  c la im f o r  this 
m e r c u r y  is less than 1 ppm impurit ies.  A certif icate of analysis  was  
furnished with each shipment,  showing nonvolatile res idue by weight to be 
less than 0, 1 ppm. 
A sample fram the vendor, subjected to spectrographic analysis  by 
a lwal  f i r m ,  showed sil icon and calcium content to be -0 .45  and=OO. 27 ppm, 
respectively.  This  was  considered ent i re ly  adequate because the emiss ion  
mechanism of LM cathodes i s  very insensitive to contamination, as was 
demonstrated when a cathQde was accidentally operated with macroscopically 
d i r ty  mercu ry .  
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IV . LM CATHODE TESTING IN DIODE AND PENNING DISCHARGE 
CHAMBERS 
The cathode design descr ibed in Section 11-II was subjected to ex-  
tensive testing in diode and Penning discharge operation, and the life 
tested cathode in par t icular  was operated both before and between thrus te r  
tes t s  fo r  an  additional cumulative total of over 1250 hours.  
of these tes t s  were  
The purposes 
1. To establish that the design provided stabil i ty against  all 
perturbing effects,  as  discussed in Section 11-B and 11-C 
' 2. To demonstrate the ability to operate a t  and above the 
cur ren ts  and electron-to-atom emission rat ios  required for  efficient 
operation of a 20-cm diameter  th rus te r  
3. To accumulate additional operating t ime in  support  of our  
contention that LM cathodes represent  a solution to the cathode life 
problem of m e r c u r y  electron-bombardment thrus te rs .  
F igure  19 shows a n  LM cathode operating in a Penning discharge 
The magnet coil shown in this figure was  capable of producing t e s t  setup. 
f ie lds  up to severa l  hundred gauss fo r  testing the effectiveness of the 
cathode's magnetic shield. A n  end-on view of the l ife-tested cathode in 
operation is shown in Fig.  14; it was  photographed (through a g lass  window 
facing the cathode) in a similar setup with the a id  of a n  external light source  
a f t e r  650 operating hours .  F igure  15 shows the same cathode a f t e r  3000 
hours of operation, photographed in the light of its own discharge only. 
The l ife-tested cathode w a s  a l so  photographed af te r  all m e r c u r y  had been 
removed f r o m  the pool-keeping s t ruc ture  by shutting off the mercu ry  flow 
and operating the discharge until it s tarved out; Fig.  16 is such a view 
af te r  3000 hours ,  and Fig .  17  is a f t e r  5250 hours  of operation. ( In  both 
f igures ,  small m e r c u r y  droplets a r e  visible in  o r  near the throat of the 
pool-keeping s t ruc ture ;  these had passed the throat a f t e r  the discharge 
had s tarved out, ) 
sur face  texture a l s o  observed af te r  a few hours of operation on all LM 
cathodes used a t  high cu r ren t  densit ies.  There is no macroscopic  erosion;  
within measuring accuracy,  the dimensions of the pool-keeping s t ruc ture ,  
including the throat, remained unchanged during the full 5250 hour duration 
of the tes ts .  
The difference in  appearance is caused by a change in 
The following typical measu red  data i l lust rate  the capability of the 
l ife-tested cathode to operate stably a t  cur ren ts  up to and above the required 
level, a t  electron-to-atom rat ios  considerably above the optimum for  
M 3534 
Fig .  1 3 .  LM cathode arc in Penning discharge chamber .  
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A30-13 
a- - 
0.5 cm 
(0.2 in.) 
Fig .  14. LM (Hg) cathode in operation, viewedalong 
the axis of symmetry .  a = rim of diver-  
gent nozzle; b = exposed nozzle surface;  
c = c i rcu lar  a rc -spot  pat tern at edge of 
exposed m e r c u r y  sur face ;  d = exposed 
m e r c u r y  surface;  e = reflections of 
external  light source  in concave m e r c u r y  
surface.  
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Fig .  15.  LM (Hg) cathode i n  operation, 
viewed along the axis of symmetry  
without external  light sou rce .  
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M 4 6 0 0  
Fig .  16. Pool-keeping s t ruc ture  of LM 
cathode a f t e r  3000 hours  of opera-  
t ion.  
3 3  
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Fig .  17 .  Pool-keeping s t ruc ture  of LM 
cathode after 5250 hours of opera-  
t ion 
efficient t h rus t e r  operation: 
50 e lec t rons /a tom a t  12 .3  A ,  
40 e lec t rons  / a tom at  20 A .  
F o r  comparison,  the performance required for the th rus t e r  life t e s t  was 
12. - e 2 0  electrons /a tom a t  9 .  . 14 A .  
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V. THRUSTER TESTING OF LM CATHODES 
A. G e ne ral C o nd i t i o ns 
The p r imary  objective of the original contract  was to-develop 
LM cathodes suitable for  use under actual  th rus te r  conditions, and to 
tes t  these cathodes in a thrus te r  supplied by NASA-LeRC which was to 
be modified only to the extent required fo r  compatibility with the LM 
cathode. The crucial  tes t  was to be a cathode life tes t  of 750'hour cumu- 
lative operation with beam extraction and without cathode change o r  
modification. 
of the contract .  
Per formance  optimization of this th rus te r  was not a goal 
Af te r  the 750 hour tes t  had been completed successfully in every  
respectS the contract  was modified to prolong the tes t  period i n  1000 hour 
increments to a total of 3750 hour.sb. 
contract  from NASA Headquarters". and Company- supported programs 
led to the availability o r  to feasibility demonstrations of severa l  impor-  
t a n t  i tems which were  subsequently included in the thrus te r  test .  
resul t ,  the thrus te r  operated during the l a s t  t es t  periods with drast ical ly  
improved efficiency; i t  w a s  a l s o  equipped with a flight-type feed system, 
a n  LM cathode neutral izer ,  and a n  automatic control system. 
During these increments ,  a new 
As  a 
The various modifications were possible without invalidating the 
cathode life tes t  because LM cathodes are  totally insensitive to a i r  ex-  
posure.  The tes ts  required for incorporation of the additional compo- 
nents resulted i n  a n  increase of the total cumulative thrus te r  operating 
t ime to 4009 hours.  
B. Modified LeRC Thrus t e r  
The 20-cm diameter  th rus te r  supplied by NASA-LeRC was modi- 
fied by removing the expellant distributor and providing a n  opening in the 
r e a r  of the thrus te r  to accept  the LM cathode assembly.  
coil was  replaced by 500 turns of high-temperature insulated wire  to pe r -  
m i t  operation a t  magnetic fields up to 200 G. (After the la tes t  discharge 
chamber  modifications descr ibed below, only 10 to 20 G were  required.  ) 
The NASA ion-optical sys tem was replaced by a unit i n  which the 
The magnet 
sc reen  was countersunk on the plasma side. 
s c reen  and accel  was 0. 13 cm,  and the spacing a t  the anode radius was 
The center  spacing between 
NASW - 1404 .L -r 
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0 .37  cm. 
of perveance and cu r ren t  density. 
packed a r r a y  of 1027 holes with a nominal diameter  of 4. 76 mm on 
6 .35  mm centers  dr i l led in 1. 58-mm-thick molybdenum plates. 
F igure  18 is a schematic  c r o s s  section of this th rus te r ;  F ig ,  19 shows 
i t  before mounting; and, F ig .  29 shows i t  mounted inside i ts  shielding 
enclosure (without neutral izer) .  
The c lose r  spacing in the center  provided a quasi-matching 
The optics had a hexagonal c lose-  
The 
total hole area is 177 cm 2 , corresponding to a n  open area of 56%, 
C.  Vacuum Faci l i ty  
A vacuum chamber of 3 m length and  1.2 m diameter  was  modified 
f o r  the th rus t e r  tes t s  by installing a n  easi ly  cleanable liquid-nitrogen 
cooled s ta inless  s teel  cryowall ,  with approximately 4. 6 m2 of surface 
area. Three  baffle a p e r t u r e s  were  used to  protect  the cryowall f r o m  
erosion by the incident ion beam. A.liquid-nitrogen cooled baffle was  
installed between the chiLmber and the 25-crn d iameter  oil diffusion 
pump to prevent m e r c u r y  f r o m  entering the pump. Typical operating 
p r e s s u r e  with the thrus te r  running was  T o r r .  The collector was 
built up f r o m  3. 2 mm thick s ta inless  s tee l  fins, individually wa te r  cooled 
and mounted a t  a small incidence angle to reduce the fract ion of sput tered 
ma te r i a l  returning to the engine. 
tank, shQwing cryowall, collector,  and baffle mounting brackets .  
F igu re  21 is a photograph of the vacuum 
D. Elec t r ica l  T e s t  and  Control Circui ts  
The schematic  of the thrus te r  t e s t  c i rcui ts  shown in Fig.  22 
represents  the final stage of evolution. 
by Table 11. 
sys tem,  interlock sequencers  and automatic igniter.  However, the basic 
c i rcu i t  was  such that all these auxi l iary circui ts  could s imply be added 
when they became available,  witbout requiring any  ma jo r  changes in the 
existing circui t ry .  
(and hence are all shown in one d iagram to indicate possible interactions),  
the i r  functions can be explained r a the r  independently. One general  pr inci-  
ple will be appreciated by inspection of Fig.  22: extensive instrumentation 
was  used to  guard against  spurious cu r ren t s  (caused, fo r  example,  by 
backsputtered ma te r i a l  shorting out components) going undetected, and  to 
provide c r o s s  checks on the basis  of the following continuity equations: 
The notation used is explained 
The tes t  was  begun without neutral izer ,  automatic feed 
While all c i rcu i t s  w e r e  intimately interconnected 
IA t IIK = I K t IB = ID (always), 
IA, + I C ' S I ~  = I ~  
'Ac N 
(without neutralize r) , 
(with neutral izer ,  in general) ,  t 1 t IIN f 1Sk-k IC 8 t IC - IB 
[with neutral izer ,  in normal  
operation (I = O = I ) ]  L 1  L2 
8679-8 RI 
- - _ _  
-2- ---_- 
-----_ ---_ 
--- --- ----_ 
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Fig .  18.  Schematic c r o s s  section of modified LeRC life t e s t  
t h r u s t e r .  
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Fig .  19 .  Modified LeRC t h r u s t e r  before mounting. 
Fig .  20. Life test th rus t e r  with shields,  mounted on 
vacuum chamber end plate .  
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M 3579  
Fig .  21. Tes t  chamber  (1 .2  m diameter)  with cryowall and 
col lector .  
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DISCHARGE ‘;I .~~ 
Fig.  22. LM cathode th rus t e r  t e s t  c i rcu i t s  ( see  Table  11 for notation). 
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TABLE I1 
Notation Used f o r  Physical Quantities and for  Components of T e s t  Setup 
Pbys  ical Quantities 
A 
13 
C 
C‘ 
D 
F 
I 
K 
L 
M 
N 
R 
Z 
A c  
s c  
Sk 
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cur ren t  
power 
voltage 
a node 
beam 
c olle c t o r  
tank, cryowall, baffles 
discharge 
feed sys tem 
igniter 
cathode 
voltage limiter 
magnet 
neutralize r 
r e s  is to r  
thermocouple 
acce l  e lectrode 
sc reen  electrode 
spacecraf t  skin 
(IJS = igniter fo r  main  thrus te r  cathode. 
IN = igniter for neutral izer)  
L 
b 
The current-l imiting r e s i s t o r s  RB and R A ~  were  provided to pro-  
tect  the thrus te r  f rom the high shor t -c i rcu i t  cur ren ts  available f rom the 
laboratory-type high voltage supplies used. 
flight - type s y s tem . They are not requi red  in a 
1. Ion Source Circui ts  
The discharge power supply and the magnet power supply 
consisted of three -phase full-wave sil icon diode rect i f iers  fed by ganged 
variacs. 
direct ly  f rom the power l ine and operated without f i l t e rs ;  with automatic 
sys tems they were  fed through magnetic voltage regulators and equipped 
with ripple f i l ters .  The relatively l a r g e  (8 S I )  s e r i e s  res is tance RA con- 
ver ts  the effective discharge supply charac te r i s t ics  f rom constant-voltage 
to (e  s sen tially) constant - cur ren t  a -' 
Before the automatic feed sys tem was introduced they were  fed 
.I. 
To ignite the discharge,  a mechanically movable igniter electrode 
(tungsten tip) was f i r s t  dipped into the m e r c u r y  held in the cathode pool- 
keeping s t ruc ture  and then re t rac ted .  
cathode and igniter which t r ans fe r r ed  immediately to the anode, because of 
the lower impedance in the anode circui t .  Actuation of the igniter was f i r s t  
manual (this was permissible  because the discharge never extinguished 
except when intentionally turned off):and l a t e r  automatic, as shown in Fig.  22. 
With the automatic c i rcui t ,  the igniter cu r ren t  was passed through 
This caused a n  arc  discharge between 
the entire igniter actuator  solenoid, which pulled the igniter out of the 
m e r c u r y  against  a spring force.  When the discharge had t ransfer red  to 
the anode, the igniter was held in the "out" position by the "holding" portion 
of the actuator  solenoid, and  the igniter was disconnected by the igniter 
relay.  
so  that the hold power was negligible (w 0. 5 W).  
and reliable and required no external logic or additional power supply. 
Both this re lay and the "holding" winding had very low impedasces ,  
The sys tem was simple 
It has  since been demonstrated that a rc  initiation can be accomplished 
equally well without any moving pa r t s ,  using a s ta t ionary igniter electrode 
placed in f ront  of the cathode. 
c i rcui t  applies high voltage pulses (2 20 kV) in rapid sequence between ig- 
niter and cathode. 
usually only one pulse is needed, to r e s t a r t  the a r c .  
In o r d e r  to s t a r t  the discharge,  a n  automatic 
Af te r  a shor t  interruption of normal discharge operation, 
The electr ical  pulse 
It was  demonstrated,  however, that the lo s s  associated with RA is .I " *r 
nonessential, and that equal resul ts  can be obtained using RA = 0 and a n  - _ _  
ele  c t r onically controlled (va ria ble - r eacta nc e) c ons tan t - cur  rent  supply. 
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ignition sys tem is fully applicable to thrus te r  operation. A flight-type 
system will use a vacuum-potted pulse t ransformer  ( a l s o  demonetrated) 
and silicon controlled rec t i f ie rs  to derive the pulse power directly frQm 
the discharge power supply. 
2 .  Feed  Rate Control 
During m o s t  th rus te r  tes t s ,  including m o s t  of the life tes t  
period, the feed ra te  was controlled by manual gas  p re s su re  adjustment,  
using a feed system such as  that shown in Fig.  8. The feed ra te  was 
measured  by taking periodic readings of the piston position indicator. 
When the vapor p r e s s u r e  feed sys tem ( F i g ,  9) became available, 
automatic closed-loop control was provided a s  follows ( see  F ig .  22):  The 
actual beam curren t  IB was compared electronically with a manually se t  
level IB, os and the rms value of the a c  cu r ren t  through the feed sys tem 
heater  IF was made to  follow the relation 
by phase-angle control, using silicon controlled rect i f iers .  ( In  the equation 
above, 
sign constant of the control c i rcui t ,  chosen to provide F;lk proper  sensitivity. ) 
is the manually adjusted normal level of I and :CF is  a de-  IF 0 
This method of feed ra te  Control was feasible because of the t ime 
invariance of the LM cathode thrus te r  charac te r i s t ics  observed during the 
life test .  F o r  a given magnetic field and discharge cur ren t ,  the ra t io  of 
beam cur ren t  to propellant flow ra te  is  a constant, independent of time. 
Thus the m a s s  flow ra te  m a y  be accura te ly  determined by monitoring the 
beam curren t .  
The vapQr p res su re  feed sys tem was a l s o  equipped with a position 
indicator (not shown in Fig.  9 ) ,  which was read  periodically in order  to 
obtain absolute flow ra te  measurements .  
3 .  Neutral izer  Circui t  
The LM neut ra l izer  cathode has  the basic advantage of r e -  
quiring no additional power supply; it has  no hea ter ,  and the power required 
to  t ransfer  the neutralizing electrons f rom the cathode into the beam, as  
well as that required to ignite the neutral izer  a r c ,  can both be furnished by 
the beam supply. 
We have simulated the conditions expected in actual space operation 
f o r  a thrus te r  with LM cathode neutral izer  by the c i rcu i t  a r rangement  shown 
in Fig.  2 2 .  To this end, we have distinguished between the function of the 
'"spacecraft skin" ( represented  by the shield plate surrounding the down- 
s t r e a m  end of the thruster)  and  the function of "space" (represented by the 
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s u m  of all beam collecting sur faces ,  i. e . ,  collector,  cryowall, and  baffles.)  
To  appreciate  this distinction, consider  what will happen in space 
when a thrus te r  is turned on (the beam supply being connected between 
thrus te r  and  neutral izer)  and  the neutral izer  does not yet emi t  e lectrons:  
F i r s t ,  the en t i re  spacecraf t  will charge negatively until i ts  potential with 
respec t  to  space jus t  exceeds the beam voltage. This  condition will then 
prevent fur ther  escape  of the ion beam; hence the beam will be forced to 
re turn  to the spacecraf t  skin. 
this skin,  no voltage difference could arise between neutral izer  and  skin, 
nor could the fact  that a n  ion c u r r e n t  is returning to the skin be distinguished 
from the des i red  condition where a n  equal electron cu r ren t  i s  emit ted by 
the neutral izer .  
neutral izer  discharge.  However, by the s imple expedient of connecting the 
neut ra l izer  to  the skin through a voltage-limiting device, capable of c a r r y -  
ing temporar i ly  the full beam curren t ,  the voltage a c r o s s  this l imi t e r  
(and a maximum power equal to beam cur ren t  t imes  l imited voltage) can 
be used to s t a r t  the neutral izer .  
tubes (L1 in F ig .  22)  s e rved  in the l imi te r  capacity; a flight-type sys tem 
would use Zene r  diodes instead. 
during the ent i re  contract  period by connecting, in paral le l  to the l imi t e r ,  
a n  electromechanical igniter s imi l a r  to  that used on the main  th rus t e r  
cathode; &gain, automatic ignitian by a s ta t ionary electr ical  pulse igniter 
suitable fo r  space application has  s ince been demonstrated.  
If neutral izer  were  direct ly  connected to 
Therefore ,  no signal would be available to initiate the 
In our tes ts  a bank of 100 V glow discharge 
Neutralizer a r c  initiation w a s  accomplished 
The p a r t  of the circui t  descr ibed to  this point would a l s o  be re- 
qui red  in space,  while the remainder  of the c i rcu i t  was  necessary  only 
fo r  testing with a laboratory-type beam power supply. 
extinguished while no cu r ren t  re turn  path existed between the thrus te r  and 
the grounded collecting surfaces  in the vacuum chamber,  the continued 
emission of ions by the th rus t e r  would have caused the negative terminal  
of the beam power supply to float up to slightly m o r e  than the full beam 
voltage with respec t  to ground, "' while normally (when the neutral izer  i s  
operating Qr the neutral izer  c i rcui t  is  shorted out by the neutral izer  switch 
shown in Fig.  Z2), the positive terminal  of the beam supply is a t  beam 
voltage with respec t  to ground. Because our  beam power supply design 
permitted only relatively small deviations of the negative terminal  f rom 
ground potential, i t  was  necessa ry  to connect the "spacecraft  skin'' through 
a second voltage l imi te r  ( a l so  capable of car ry ing  the full beam curren t )  
to the collecting sur faces .  Another bank of 100 V glow discharge tubes was 
used fo r  this purpose in our  tes t s  (L2 in Fig.  22) .  
i z e r  was operating, the floating voltage between skin and collector was 
only a few volts and  the glow tubes ac t ed  as  insulators.  When the nep- 
Had the neutral izer  
.I, 
So long as  the neutral-  
This potential distribution corresponds to  that in space described a. 1- 
in the preceding paragraph. 
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t r a l i ze r  was not emitting electrons,  the glow tubes ignited and completed 
the beam curren t  loop. 
variability of all pertinent voltages in this circuit .  
F igure  2 3  i l lust rates  qualitatively the ranges of 
4. Automatic Sequencer 
The automatic igniter descr ibed in Section V-D-1 made  it 
possible to use the following extremely simple s t a r t -up  procedure: 
1. 
2 .  
3 .  
Turn  on (simultaneously, if desired)  feed-rate  con- 
t ro l le r ,  beam power supply, acce l  power supply, 
discharge power supply, m8gnet power supply ( i f  
electromagnets a r e  used) ,  and neutral izer  feed system. 
e rcu ry  in the cathode pool-keeping s t ruc ture ,  
tip remains M 1 mm f r o m  the cathode throat; 
without making contact. 
When m e r c u r y  s t a r t s  to flow, i t  completes the igniter 
c i rcui t ,  and the automatic igniter s t a r t s  the discharge,  
thereby immediately producing an  ion beam. 
Since the high voltages a r e  applied before the discharge 
is ignited, the plasma can never diffuse out of the d is -  
charge chamber ;  hence, the acce l  interception cu r ren t  
is always kept low, thus permitt ing the use of a low- 
power acce l  supply. 
The automatic neutral izer  igniter,  actuated by the p r e -  
sence of beam curren t ,  begins with at tempts  to ignite 
the neutral izer  a r c ;  these at tempts  succeed as soon as 
m e r c u r y  s t a r t s  to flow through the neutralizer cathode. 
(If the neutral izer  flow has s ta r ted  before the main  
thrus te r  cathode flow, the f i r s t  a t tempt  will succeed. ) 
When high-voltage breakdown occured between the acce l  and s c r e e n  
electrodes o r  between acce l  e lectrode and  "spacecraft  skin, I '  the overload 
relay in the acce l  c i rcui t  t r iggered the automatic interlock sequencer ,  
which then performed the following operations (with t ime delays a s  required 
to accommodate the power supply t ime constants): 
1 .  Turn  off beam supply, acce l  supply, and discharge supply 
2 .  Turn  on beam supply and acce l  supply 
3 .  Turn  on discharge supply. (Automatic igniters r e s t a r t  
discharge,  and hence beam and neutral izer .  ) 
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Fig .  23.  
Qualitative potential distributions on beam axis ,  and potential ranges 
of "spacecraf t  skin" and neut ra l izer .  
denotes voltage between the respect ive point and collector o r  space; 
voltage symbol with a r r o w s  denotes voltage between a r r o w  t ip s .  ) 
Operating conditions: 
switch, (b) normal  operation with neut ra l izer ,  (c) maximal  excursion 
with neutral izer  c i rcui t  during t e s t s ,  l imited by L1 and L2, 
excursion with neut ra l izer  c i rcui t  in  space ( o r  during tes t  without L 2 ) ,  
l imited by L1 only. 
accessible  to the sys t em during the t e s t s .  VB and VkC a r e  potential 
differences i m p r e s s e d  by power supplies and remain  t e s ame  under 
all operating conditions. 
(Voltage symbol without a r r o w s  
(a) neutral izer  c i rcui t  shorted out by neutral izer  
(d) maximal  
The shaded region indicates the potential range 
13 
When high-voltage breakdown occurred between the thrus te r  and 
ground, a n  internal overload re lay  of the beam power supply turned this 
supply off. This resulted immediately in a n  acce l  overload, thus t r igger-  
ing the same  sequence as above. 
QI. 
E. 4,000 hour T e s t  
The moet  important tes t  resul t  obtained under the subject contract  
is the demonstration of essentially unlimited cathode life. The problem of 
cathode life had previously threatened the usefulness of mercu ry  bombard- 
was to establish the cathode lifetime in a working thruster  by testing the 
complete unit f o r  a cumulative total of 3750 hours  under specified conditions. 
Not only has  this requirement  been satisfied,  but a total of 4009 hours with 
beam extraction had been recorded and the total operating t ime of the cathode 
had exceeded 5250 hours a t  the end of the reporting period, with both thrus te r  
and cathode continuing to be used f o r  diagnostic and comparative tes t s ,  with 
no degradation. 
.I 
ment  thrus te rs  for  miss ions  of 10 4 hours  o r  longer. '  The goal of the t e s t  
1. Long- T e r m  Thrus te r  Per formance  
Table III shows the operating parameter  ranges for the life 
test .  
the contract ,  which specified only the tes t  conditions l is ted on line I of this 
table. Lines I, 11, and IIl show, however, that the tes t  was a l ready  s ta r ted  
with considerably better performance than required,  and that there  was no 
degradation over the 2780 hour period where the thrus te r  was left  unchanged. 
A s  stated in  Section V-A, thrus te r  optimization was not required under 
The t ime invariance of the thrus te r  charac te r i s t ics  a l s o  is  i l lustrat -  
ed  in Fig.  24, which shows the reproducibility of the mass utilization and 
discharge voltage ( a t  constant discharge cur ren t )  a t  various t imes during the 
test .  
A s  described i n  Section V-D, this par t  of the t e s t  wasconducted with a n  
open-loop control sys tem;  this was possible because of the inherent stability 
of the cathode and thrus te r  charac te r i s t ics .  
The spread  in  the measu red  points is l e s s  than + 1% over 2780 hours.  
Throughout the tes t  the acce l  interception cur ren t  remained stable 
a t  -0. 570. The interception cu r ren t  goes through a broad minimum a t  acce l -  
decel ra t ios  between 1 . 2  and 1 .5 ,  as discussed below. 
a rat io  of approximately 1. 3 was maintained. 
During the life tes t ,  
The maximum acce l  e ros ion  occurred on the central  downstream side 
of the acce l  electrode in tr iangular-shaped pits between aper tures .  Adjacent 
pits were  interconnected by shallower troughs of erosion.  
the downstream side of the acce l  electrode a f t e r  2780 hours is  shown i n  Fig.  
25. 
A photograph of 
These pits were  formed by slow charge-exchange ions c rea ted  in the 
* W'. R .  Ke'rslake, "Cathode Durability in the Mercury Electron-  
Bombardment Ion Thrus t e r ,  I '  AIAA P a p e r  No. 64-683, Philadelphia, Pa. , 
1964. 
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Fig.  24.  
Thrus t e r  charac te r i s t ics  fo r  constant discharge c u r -  
rent  during first 2780 hours  of t e s t .  
pendent var iable  is the m e r c u r y  feed rate (in open- 
loop operation) on the beam cur ren t  setting of the 
feed-rate  control ler  (in closed-loop opera t ion) .  
P r i m a r y  inde- 
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Fig .  25.  Accel e lectrode a f t e r  2780 hours of t e s t .  
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TABLE 111 
Thr  us t e r P e  r f o rma nc e Summa r y  
lage a t  2700 I I I 
hours  
f i r s t  2780 
IV a Average for  588 3.65 6380 81 .0  
VI11 Low-Isp tes t  595 0.95 3360 8 4  d 
a t  3500 hours  
Central  baffle as shown in Fig.  18 
Baffle consisting of single annular opaque zone 
a 
b 
Source 
Ene rgy 
pe r  ion, 
eV/ion 
< 1000 
72 9 
724 
72 5 
567 
47 2 
393 
413 4.5 I 16 I 
C Baffle consisting of central  opaque zone plus a n  annular opaque zone 
Same baffle as f o r  line VI,  all operating pa rame te r s  optimized fo r  
this th rus te r  geometry. 
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beam plasma and  focused by the concave p a r t  of the p lasma meniscus  which 
sepa ra t e s  the downstream plasma f r o m  the nonplasma region. *r -6 
In addition to this e ros ion  by charge-exchange ions, some enlarge-  
m e n t  of the acce l  holes is caused by the small percentage of ions which are  
extracted f r o m  the plasma but a r e  not focused through the acce l  ape r tu re s .  
The radial  dependence of the e ros ion  on the downstream face of the acce l  
e lectrode and  the enlargement  of the acce l  a p e r t u r e s  is plotted in F ig .  26. 
The peak i n  the a p e r t u r e  enlargement  a t  approximately r = 2 .5  c m ,  
observed a f t e r  2780 hours ,  resul ted f r o m  the combined effects of the r e -  
duction in perveance with increasing radius  (which, by i tself ,  i s  not suffic- 
ient to explain the observation) and  of a n  annula,r peak in the p lasma density 
caused by the effects of the baffle. 
annular  region has  a l s o  been observed visually. I t  was  caused by e lec-  
t rons s t reaming out around the baffle and  following magnetic f ie ld  l ines  
which in te rsec t  the s c r e e n  electrode a t  approximately r = 2 .5  c m ,  the 
radius  of maximum a p e r t u r e  enlargement  ( s e e  F ig .  18). 
The increased  plasma density in this 
On the basis  of the e ros ion  measu remen t s  and the observed e lec t ron  
concentration, the baffle geometry  was modified in s teps  a f t e r  2780 hours  
f r o m  a single disk to annular  open and opaque zones,  in o r d e r  to sp read  
the e lec t rons  m o r e  evenly over  the d ischarge-chamber  c r o s s  section. 
final baffle configuration is shown in F ig .  27. A s  a resu l t ,  the annular  
peak in the a p e r t u r e  enlargement  disappeared ( see  F ig .  26 ,  4009-hour 
direct- intercept ion curve) ,  -t and the thrus te r  performance was  improved 
drast ical ly ,  as shown in Table I11 and  F ig .  28. 
improved electron distribution was  the lowering of the magnetic field required 
f o r  optimum efficiency. 
t rode,  the magnet  power consumption was  25W. 
The 
An additional benefit of the 
With a field of 16G in the plane of the s c r e e n  e l ec -  
Both curves  f o r  charge-exchange eros ion  in F ig .  26 a r e  peaked a t  
the center .  
d i rec t ly  proportional to the product of beam c u r r e n t  density a n d  neutral  
Because the local  charge-exchange ion production ra te  is 
W .  0.' Eckhardt ,  J .  Hyman, J r .  , G. Hagen, C .  R .  Buckey, and .b "8- 
R. C.  Knechtli, "Research Investigation of Ion Beam Format ion  f rom 
Electron-Bombardment  Ion Sources ,  ' I  HRL Fina l  Report  for  Contracts  
NAS 3-2511 and  3-3564, March  1964. A l s o  S .  L. Eilenberg,  W .  Seitz,  
and E. Caplinger,  "Evaluation of Elec t rode  Shapes fo r  Ion Engines ,  ' I  
A U A  J.  - 3, 866 (1965). 
A t  p re sen t  we have no explanation for  the f a c t  that; the total d iameter  -t 
increase  measu red  a f t e r  4009 hours  is l e s s  than that m e a s u r e d  a f t e r  2780 
hours  f o r  the cent ra l  portion of the acce l  e lectrode.  
were  careful ly  repeated by independent methods;  the effect i s  considerably 
l a r g e r  than the s ta t is t ical  sp read  of the measu remen t s ,  and  backsputtering 
is insufficient to explain the observat ion by about a n  o r d e r  of magnitude. 
Both measu remen t s  
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F i g .  26. Charge-exchange and d i r ec t  interception erosion 
of a c c e l e r a t o r .  
limiting the electrode life, a s  explained in t ex t . )  
(Note that  the deep pi ts  a r e  not -
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efflux density, the neutral efflux must  have been peaked i n  the center  by a 
sufficient amount to compensate fo r  the central  dip in beam Current density 
which existed during the first 2780 hour period. This  conclusion is fur ther  
supported by the increased s teepness  of the 4009-hour charge-exchange 
e r m i o n  curve,  a f t e r  the annular peak in the beam cur ren t  density profile 
was  eliminated. 
Our erosion measurements  led to the following predictions fo r  the 
useful life of the ioq extraction system: The cr i t ical  erosion mechanism is 
charge-exchange erosion;  however, this  is not because of the deep triangular 
pits which will eventually resul t  in additional holes in the acce l  electrode 
(these holes are  permissible  f rom both a n  e lectr ical  and a mechanical point 
of view), but r a the r  because of the shallower troughs connecting the pits. It 
is when these troughs break  through in  the region of maximum erosion of the 
accel  electrode that the electrode s t a r t s  to disintegrate.  
f u l  lifetime of the ion-optical sys tem is taken as  the extrapolated breakthrough 
time fo r  the deepest troughs. 
l a s t  1229 hours,  the io0 extraction sys tem used in  this t e s t  should have a 
useful life of 10,500 hours.  
Therefore ,  the use-  
Based on  the erosion ra te  prevailing during the 
The thrus te r  tes t  his tory during the 3750 hours  of operation under 
specified conditions i s  summar ized  in Fig.  29. 
ages  of the relevant operating pa rame te r s  and of the high-voltage arcing 
ra te ,  and it indicates when the ma jo r  interruptions or  changes in  the t e s t  
occurred.  Note that the a rc ing  ra te  was significantly higher a f te r  the cryo-  
wall baffle mater ia l  had been changed f rom copper to s ta inless  s teel ,  be- 
cause of different peeling charac te r i s t ics  of the thin metal  l aye r s  formed on 
the exposed thruster  components by sputter deposition. 
It shows the 50-hour a v e r -  
2. Thrus te r  Per formance  Mapping 
Af$,er the f i r s t  1000 hours  of the life tes t ,  the thrus te r  per form-  
ance was mapped"' under direction of the contract  monitor,  M r .  R .  R .  
Nicholls. The resul ts  are  summarized below. 
The beam cur ren t  and hence the mass utilization and source  energy 
p e r  i o n a r e  strong functions of the neutral  flow ra te ,  the discharge cur ren t ,  
and the magnetic field, and they a r e  weak functions of the total accelerat ing 
voltage and the baffle position. 
th rus te r  a t  the maximum mass utilization and minimum source energy p e r  
ion. 
measuring the beam cur ren t  as  a function of magnetic field for  different 
cathode cur ren ts .  
of 1, = 630 rnA is shown in Fig.  30. 
very rapid r i s e  in beam curren t  as  the magnetic field is increased f rom 
z e r o  to-  10 G (a t  sc reen) ;  the curve gradually becomes f la t ter  a s  the field 
is raised past-20 G. 
without changing i ts  shape. 
It is always advantageous to operate the 
W e  descr ibe he re  one method of optimizing thrus te r  performance by 
A typical s e t  of curves  a t  a fixed neutral  flow equivalent 
Character is t ic  of these curves is the 
Increasing the discharge cur ren t  r a i se s  the curve 
F r o m  these curves an  optimum operating point 
* 
baffle modifications and the result ing performance improvements,  
It s'hould be noted that all performance mapping was done before the 
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Fig .  30. 
Beam c u r r e n t  and mass uti l ization v e r s u s  magnet cu r ren t  a t  fixed m a s s  
flow ra te  (Ia = 630 mA). 
v e r s u s  magnet cu r ren t  calibration: 10 G/A at sc reen ,  20 G/A a t  ups t ream 
end plate.  ) 
P a r a m e t e r :  cathode cu r ren t .  (Magnetic field 
t 
can be found fo r  a given mass utilization; for  example, if a mass utilization 
s f  2 8070 is desired,  the curves in Fig.  30 show that the cathode cu r ren t  mus t  
be 2 11A and the magnet cu r ren t  2 2A. Table IV shows the tradeoff between 
mass utilization and source  energy pe r  ion as a function of a r c  cu r ren t  and 
magnetic field. 
utilization versus  source  energy per  ion, with a r c  cu r ren t  as the parameter .  
When this lilborious process  is repeated a t  other neutral  flow ra t e s ,  the 
data are  found to fit on a universal  curve with a fair ly  narrow spreadp  as 
shown in Fig.  32. The data include the flow ra te  equivalent (-720 mA) a t  
which most  of the life tes t  was  run. 
F igure  31 shows these points plotted on a graph of mass 
The dependence of the acce l  cu r ren t  on the accel-decel  ratio is 
shown in Fig.  33. 
cu r ren t  density distribution used, the minimum acce l  cu r ren t  occurs  a t  an 
accel-decel ra t io  between 1 . 2 5  and 1.. 50. Throughout the life tes t  the acce l -  
decel ra t io  was maintained n e a r  the minimum of this curve a t  approximately 
This graph shows that f o r  the extraction sys tem and 
6 . '  = 1 . 3 2 .  
6.2 
During the performance mapping experiments the baffle consisted of 
a 2 . 5  c m  diameter  tantalum disk which could be moved downstream f rom a 
stop approximately 0. 5 c m  f rom the end of the magnetic shield which en- 
c l w e d  the Lh/l cathode. F igure  34 shows the dependence of both beam c u r -  
rent  and discharge voltage on the baffle position. 
m u m  of the beam cur ren t  a t  a baffle position-2 cm downstream f r o m  the 
shield. 
was moved toward this optimum position f rom a downstream distance of 5 cm. 
( F o r  the effect of the baffle position on the beam cur ren t  density profile, s ee  
Section VI-C. ) 
There is a definite maxi- 
The discharge voltage increased f rom - 2 8  V to-31 V as  the baffle 
3 .  Neutralizer Per formance  
The LM cathode neutralizer described in Section 11-E was operated 
1. 
with the l i fe- tes t  th rus te r  during the l a s t  500 hour tes t  increment.  
neutral izer  was held at  a temperature  of w2OoC by water  cooling. 
flow ra te  was s e t  by manual adjustment 
feedback l ~ o p  existed, and manual readjustments were  usually made  only 
once daily. The circui t  used is descr ibed i n  Section V-D-3. A s  noted in 
that qection, the neutralizer was equipped with a n  electromechanical auto- 
mat ic  igniter consisting of a solenoid-actuated tungsten tip which dipped into 
the exposed liquid m e r c u r y  when the a r c  c u r r e n t  was interrupted; it was 
subsequently pulled out in o r d e r  to r e s t r ike  the discharge.  
The 
The mass 
of the feed p r e s s u r e ;  no automatic 
While this type of igniter performed satisfactorily on the main  thrus te r  
cathode during the life test ,  i t s  use on the neutralizer was l e s s  successful .  
Because the igniter and neutral izer  pool-keeping s t ruc tu re  had approximately 
equal d iameters ,  the mechanical action caused splashing of a considerable 
f ract ion of the small amount of liquid m e r c u r y  contained in the pool-keeping 
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TABLE IV 
Mass Utilization q 
Cur ren t  I 
and  Source Ene rgy  p e r  Ion Vs as a Function of Magnet 
fo r  a Flow Rate Equivalent Ia = 630 mA 
m 
and  Cathode Cur ren t  I M K 
12 760 
13 815 
14 88 7 
2 .6  11 664 
80. 3 
82. 7 
84. 2 
86. 0 
80. 3 
82. 5 
84. 2 
85.0 
77. 5 
80. 0 
80. 8 
81. 5 
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80. 0 
82. 0 
83. 0 
84. 5 
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s t ruc tu re  when operating at the high electron-to-&tom rat ios  (K,/K,) and  
low cu r ren t s  needed f o r  neut ra l izer  se rv ice .  
effects: (1) It  permit ted the a r c  to run  on the splashed m e r c u r y  globules 
outside the pool-keeping s t ruc tu re ,  result ing in f requent  a r c  extinctions 
(followed by m o r e  splashing by the igni ter ,  thus perpetuating the situation); 
(2) It l imited the obtainable effective electron-to-atom emiss ion  ra t io  to a 
level  far below the design value (even though the l a t t e r  had been confirmed 
in experiments  using carefu l  manual  ignition. 'I* The average  effective ope r -  
ating t ime (on-time) of the neutral izer  was  reduced to a ce r t a in  f ract ion of 
the total operating t ime by these frequent extinctions a n d  the t ime requi red  
fo r  reignition; this f ract ion was  m e a s u r e d  by observing oscil loscope t r a c e s  
of neutral izer  c u r r e n t  a n d  voltage ve r sus  t ime. 
This had two detr imental  
4. 
The problem of neutral izer  a rc  extinction when running on splashed 
m e r c u r y  globules was al leviated som.ewhat when a n  auxi l ia ry  power supply 
was  connected between the neutral izerand i ts  igni ter  (serving as  a n  auxi l ia ry  
anode),  providing a n  open c i rcu i t  voltage of 1250 V and  a n  auxi l ia ry  discharge 
c u r r e n t  of 50 mA when the neutral izer  was operating; the auxi l iary d ischarge  
voltage was approximately equal to the voltage between neut ra l izer  and  
col lector ,  and  hence the auxi l iary discharge power was < 9% of the neut ra l -  
To  confirm the contention that the predominant m e r c u r y  lo s s  mech-  
a n i s m  was  igniter splashing r a the r  than evaporation, the neut ra l izer  cathode 
was  operated under the subsequent Contract  NASW-1404 with the mechanical  
igniter a t  t emperaures  ranging f r o m  20 to 9OoC. 
of a n  LM cathode neut ra l izer  in  space i s  expected to be in the vicinity of 
100°C, assuming that it can radiate  waste  heat only f r o m  i ts  exposed f a c e . )  
While the vapor p r e s s u r e  of m e r c u r y  changes by two o rde r s  of magnitude 
over  this tempera ture  range, the tempera ture  inc rease  to  9OoC resu l ted  in 
a reduction of the obtainable effective electron-to-atom emiss ion  ra t io  by 
only a small fac tor  6 2 1 ,  as  expected. 
ponding to  typical 20-cm diameter  t h rus t e r  cu r ren t s )  Ke/Ka up to 16 was 
maintained in runs of s eve ra l  hours  duration a t  9OoC. 
proved the importance of the m e r c u r y  l o s s e s  by splashing. 
indicated (by the measu remen t  of Ke/Ka up to 16 in the presence  of sp lash-  
ing) feasibil i ty of efficient LM cathode neut ra l izer  operation a t  the t empera -  
t u re s  requi red  fo r  use in space,  provided a nonmechanical igniter is  used. 
The subsequent use of a n  e lec t r ica l  pulse igniter immediately resu l ted  in 
stable neutral izer  operation without the frequent  arc  extinctions experienced 
e a r l i e r .  
conditions: neut ra l izer  c u r r e n t  = 600 d; discharge voltage in diode oper -  
a t ion = 20 V;  K,/Ka -53;  number of spontaneous extinctions during $-hour 
run (automatically reignited) = 2 .  F o r  m o r e  detai ls  on these experiments ,  
s e e  Quar te r ly  Report  No. 3,  Contract  NASW-1404. 
4. -a- 
(The operating tempera ture  
A t  cu r ren t s  of 600 to  700 mA ( c o r r e s -  
This  experiment  
In addition, i t  
The following typical performance was observed under these 
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i ze r  power. This auxi l iary c i rcu i t  permitted the voltage to r i s e  to a value 
a n  order  of magnitude higher than in the main neutral izer  c i rcu i t  whenever 
a n  a r c  spot s ta r ted  to decay; this increased the probability that a new spQt 
would fo rm by increasing the power density of ion bombardment of the 
cathode surface a 
The performance of the neutralizer during the 500 hour life tes t  
increment  is summar ized  in Fig.  35, which shows ( f rom top to bottom) 
the voltage between neutral izer  and collector,  the neutral izer  expellaat- 
flow, the average effective operating time, and whether the auxiliary dis-  
charge w a s  used. 
the performance obtained during shor te r  periods with frequent readjust-  
ment  of the flow ra te ;  as  can  be seen,  the goal of < 3 %  of the thrus te r  flow 
ra te  was reached during these periods.  Therefore ,  it  can be concluded 
that the same  performance should be. available continuously with flow con- 
t ro l  by a n  automatic feedback loop. The graphs a l s o  demonstrate that the 
neutral izer  power consumption was always l e s s  than one-third of the goal 
of 1W per  10 mA of neutralizer cur ren t ,  and that the use  of a n  auxiliary 
discharge l ed  to no advantage when the flow rate  was accura te ly  controlled 
The horizontal ba r s  in the expellant-flow graph indicate 
The neutral izer  run was terminated a t  474 hours instead of the 
intended 500 hours when the igniter was blocked by back-sputtered mater ia l ;  
details a r e  given below. 
4. Effects of the Tes t  Environment 
While mos t  of the ion beam f rom the t h r u s t e r  impinged on 
the collector which had been provided fo r  this purpose,  the fraction of the 
beam which impinged on the cryowall-protecting baffles had a very notice- 
able effect; because of the g rea t e r  proximity between baffles and thrus te r ,  
back-sputtered mater ia l  f rom these baffles reached the thruster  in propor-  
tionately much l a rge r  quantities than f rom the collector.  
When the life t e s t  was  s ta r ted ,  the baffles were  of copper and the 
collector mater ia l  was s ta inless  s teel .  Consequently, the l a y e r  of back- 
sputtered mater ia l  which formed on the shield surrounding the thrus te r  
and on par t s  of the ion extraction sys tem was a mixture  of copper and 
s ta inless  steel. 
i t  n e c e s w r y  to clean the ion-optical sys tem and tbe vacuum chamber a t  
the intervals shown in Fig.  29. 
This mater ia l  s ta r ted  to peel off ra ther  rapidly, making 
Although this was troublesome, it was tolerable because the tes t  
However, a f te r  the neutralixer had been mounted on 
was  affected only when the backsputtered layer  had grown too thick and 
s ta r ted  to peel off. 
the thrus te r  for  the f i r s t  experiments ,  it  was found that the backsputtered 
copper had the additional, intolerable effect of forming a layer  on the 
molybdenum neutral izer  face;  the face thus became permanently wettable 
by mercu ry ,  and  the m e r c u r y  surface was prevented f rom assuming its  proper  
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position in  the neut ra l izer  pool-keeping s t ruc ture .  
the copper baffles w e r e  replaced by s ta in less  s t ee l  ones fo r  the balance of 
the tes t ,  permanently eliminating this neut ra l izer  t e s t  problem. The only 
detr imental  effect of s ta in less  s tee l  backsputtering on the neut ra l izer  was 
that 26 hours  before the end of the f ina l  t e s t  increment  a peeled-off s ta in less  
s tee l  flake mechanically blocked the actuator  pivot and  kept the neut ra l izer  
igniter i n  i ts  "out" position, thus preventing reignition of the neut ra l izer  
a r c  a f t e r  i ts  next extinction. 
a f t e r  terminat ion of the life tes t ,  with s ta in less  s teel  peeling off the 
"spacecraf t  skin. I' 
T o  remedy this situation, 
F igu re  36 shows the th rus t e r  with neut ra l izer  
Concurrently with the change in the ma te r i a l  of the vacuum-chamber 
baffles, the discharge chamber  baffle was  modified to  have a cent ra l  open- 
ing, thus leaving the ma in  th rus t e r  cathode unprotected aga ins t  impinge- 
men t  of backsputtered ma te r i a l .  Af te r  536 hours  of operation under this 
condition, the th rus t e r  w a s  shut off because the cryowall  had developed a 
leak.  (In o r d e r  to conserve funds, the th rus t e r  was  a l s o  shut off routinely 
during weekends without suffering a n y  a d v e r s e  effects.  ) When we at tempted 
to r e s t a r t  the th rus t e r  a f t e r  this interruption, we found that only 10% of the 
normal  mass flow ra t e  could be obtained a t  the maximum feed sys t em 
p r e s s u r e  available.  Therefore ,  the cathode was d isassembled  and in- 
spected; the throat  of the pool-keeping s t ruc tu re  was found to  be clogged 
with a black substance (Fig.  37). This substance was  removed f r o m  the 
throat  by pushing i t  out f r o m  the ups t ream side with a wire .  
plug produced in this fashion had a volume of M mm3 and  was subjected 
to x - r a y  diffraction (powder pat tern)  and  neutron activation analysis .  
Because of the ex t remely  small sample  s i ze ,  both methods of analysis  could 
only be per formed with g r e a t  difficulties, and the i r  resu l t s  have a tentative 
cha rac t e r .  
The blackish 
The Debye-Scherrer  diffraction d iagram revealed the presence  of a 
face-centered cubic ce l l  with a la t t ice  spacing of 3 .6  A .  On this basis  the 
m a j o r  component of the sample  was identified as austeni t ic  s ta in less  s teel ,  
However, because of the small sample  volume, only the l ine spacing could 
be used fo r  the identification. 
pa t te rn  could not be determined with sufficient accu racy  to lend additional 
support  to  the analysis .  
The line intensity ra t io  of the diffraction 
The  neutral  activation ana lys i s  established the following upper l imi t s  
for  the amounts  of ce r t a in  e lements  present  in the sample:  
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Fig .  36. Thrus te r  with neutral izer  and vapor p r e s s u r e  feed sys tem 
after termination of life t e s t .  
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s t ruc tu re  of LM cathode with 
after 536 hours  of unprotected 
Q 
I ron  
Molybdenum 
Mercury  
Copper 
Nickel 
Chromium 
Manganese 
<: 4. 78 pg 
I; 2 . 1 6 p g  
< 1.20  pg 
w 0.558 pg 
< 0. 158 pg 
< 0.008 pg 
N 0.002 pg. 
The resul t  is interpreted as follows: Significant amounts  of s ta in-  
l e s s  s tee l  constituents (mainly i ron,  nickel, and chromium) f r o m  the 
beam-collecting su r faces ,  as well as  some  molybdenum f r o m  the ion ex-  
t ract ion sys t em,  were  sput tered into the m e r c u r y  pool during the 536 hours  
of operation with the unprotected cathode. 
solution i n  the liquid m e r c u r y ,  a n d  when the m e r c u r y  i n  the pool-keeping 
s t ruc tu re  evaporated during the five weekend shutdowns of this operating 
period, the dissolved m a t e r i a l s  collected on the wal ls  of the pool-keeping 
s t ruc tu re  in the region where the m e r c u r y  disappeared l a s t  - at the throat .  
Once solidified, these precipi ta tes  may  o r  may  not have dissolved aga in  
when m e r c u r y  reentered  the cathode; in e i ther  case, their  concentration 
continued to increase  until, a f t e r  another  shutdown f o r  vacuum reasons,  
sufficieet  ma te r i a l  had accumulated to clog the cathode throat  a l m o s t  com-  
ple tel  y. 
Some of this mater ia l -went  into 
Because the cathode had been inspected a f t e r  each preceding inc re -  
It  was  con- 
men t  of the life tes t ,  it was known that no s imi l a r  precipi ta te  had formed 
previously while the cathode was protected by a cent ra l  baffle. 
cluded, therefore ,  that  the new zone baffle should be converted f r o m  a 
configuration with center  opening to one with a n  opaque zone in the center ,  
surrounded by a n  annular  opening equal in a r e a  to  the original cen ter  open- 
ing. (This  baffle is shown i n  Fig.  27 . )  
Af te r  the precipitate had been removed mechanically,  the cathode 
was reassembled ,  including the previously used flow impedance, and  the 
t e s t  was  resumed with the modified baffle. 
ance  was  obtained than before ( see  Table 111) and  the cathode aga in  remained 
f r e e  f r o m  back sput tered m a t e r i a l  t o  the end of the tes t ,  as shown in  F ig .  17. 
Even be t te r  t h rus t e r  pe r fo rm-  
F. T e s t s  8 t  Elevated Cathode Tempera tu re  
While a thermionic cathode m u s t  be heated in o r d e r  to e m i t  e lectrons,  
a n  LM cathode rece ives  a thermal  power flux f r o m  i ts  dense a r c  spot  plasma;  
this heat flux m u s t  be conducted away i n  o r d e r  to  keep  the cathode at  a suffic- 
iently low t empera tu re  for  operation a t  the optimum electron-to-atom rat io .  
A s  stated in Section 11-D, this thermal  power was  removed f r o m  the l i fe-  
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tes ted cathode by water  cooling, and  the cathode was  kept a t  m35OC. 
space ,  a n  LM cathode can  be cooled by thermal  conduction to the th rus t e r  
shel l ,  followed by radiation f r o m  the she l l  to space.  
during the contract  per iod that the equilibrium she l l  t empera ture  of e lec-  
tron-bombardment th rus t e r s  operating in  space will  be considerably above 
35OC, unless the th rus t e r s  are  equipped with special  waste  -heat rad ia tors  
(which of course  is undesirable  f r o m  the standpoint of weight). Therefore ,  
experiments  were  per formed to determine the maximum cathode tempera ture  
at which sat isfactory th rus t e r  performance could be obtained. 
In 
It was  recognized 
Most  of these experiments  consis ted of measur ing  the maximum 
cathode tempera ture  compatible with the.arc  cu r ren t s  and electron-to-atom 
rat ios  required for  t h rus t e r  operation. 
in diode and Penning discharge configurations using the following cathodes : 
(a) the l i fe- tes ted cathode type, (b) 3 cathode with the s a m e  dimensions,  but 
having a platinum-clad nozzle throat ,  and  (c) a cathode differing f r o m  type 
(b) by having a maximum nozzle d i ame te r  twice as la rge .  The platinum 
se rved  to provide bet ter  wetting of the nozzle throa t  by m e r c u r y ,  thereby 
permitt ing cathode operat ion with sma l l e r  exposed m e r c u r y  surface a r e a s  
and hence with reduced evaporation r a t e s .  
w e r e  obtained: 
Such measu remen t s  were  performed 
The following typical resu l t s  
Cathode type a b b b C C C 
Cathode tempera ture ,  OC 84 103 113 138 148 152 160 
Cathode cu r ren t ,  A 8, 5 8.  5 10 6 9 .5  8- 5 13 .5  
Electron-to-a  tom ra t io  13 18 12 12 18 15 13 
These  data should be compared  with the th rus t e r  life t e s t  requirement  
- 2 0  e lec t roas /a tom a t  9 -  0 0 14 A ,  o r  with the requi rement  for  operation of 12. 
in a 15-cm diameter  t h rus t e r  a t  -450 rnA beam curren t :  
11. 0 17 e lec t rons /a tom a t  6.  0 q 1 0  A .  
A s  expected, cathode type ( c ) ,  with i ts  l a r g e r  c r o s s  sect ion of the heat 
conduction path, gave the best  resu l t s  in these tes t s  a t  elevated tempera tures .  
Therefore ,  before the l ife t e s t  was  begun this cathode was mounted in the 
modified 20-cm LeRC th rus t e r ,  and  the following performance was  observed 
in  a brief run: ~ 9 7 %  mass utilization a t  804 eV/ion a n d  475 mA beam cur ren t ,  
with a cathode tempera ture  of M 135OC. 
While a cathode tempera ture  of 135OC would be useful f o r  operation of 
a single th rus t e r  in space ,  i t  is too low when cluster ing of t h rus t e r s  and  the 
effects of so l a r  radiation a r e  taken into account. 
Contract  NASW-1404 these problems have since been studied in detail,  and 
a solution has  been provided in the f o r m  of a n  annular  ( r a t h e r  than c i r cu la r )  
LM cathode which can  operate  a t  t empera tures  up to and  above 300°C." It  
was  demonstrated,  f o r  example,  that the best  performance obtained with the 
Under the subsequent 
F o r  details  s e e  Summary  Report ,  Contract  NASW-1404, Hughes 
Resea rch  Labora tor ies ,  June 1966 to Ju ly  1967. 
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l i fe- tes ted c i rcu lar  LM cathode operating at 35OC (see Section V-E-1)  could 
be duplicated with a n  annular LM cathode operating at  25OoC. 
in thermal  conductance (and hence in temperature  of the exposed m e r c u r y  
surface)provided by the annular design is best  i l lustrated by Fig.  3fj. 
The aavantage 
F igu re  38 exhibits the functional dependence between the temperature  
of the exposed m e r c u r y  surface TH and the temperature  of the cathode body 
a t  the thermocouple location TK. Zathodes of annular and c i r cu la r  geometry 
are considered under typical experimental conditions for  a 20-cm thrus te r .  
(The thrus te r  i s  assumed  to operate  a t  90% mass utilization, a n  electron-to- 
a tom rat io  of 12, and a specific thermal  input to the cathode of 5 WA-l .  1 
The operating pa rame te r s  of the thrus te r  establish a proportional relationship 
between the power delivered to the cathode PK, th and the beam cur ren t  1~ 
which is taken he re  as  a parameter .  
F o r  ze ro  beam cur ren t  we have ze ro  discharge power for which no 
temperature  drop develops between the m e r c u r y  pool and the cathode body. 
Under this condition the curves for  both the annular and c i rcu lar  geometr ies  
coalesce along the z e r o  thermal  reeis tance asymptote where TK = T H ~ .  A s  
the beam (and therefore the discharge power) i nc reases ,  a tempera ture  drop 
a r i s e s  to drive the thermal  power (delivered to the cathode by the discharge) 
f rom the mercu ry  surface through the cathode body to the thrus te r  shell ,  
where it can be radiated to space.  F o r  the c i rcu lar  geometry this tempera-  
ture  drop becomes s o  excessive for  beam curren ts  of the o rde r  of 600 6 
that the heat is delivered to the thrus te r  shell  a t  a temperature  which is in- 
sufficient to permi t  i ts  radiative dissipation under any but the m o s t  favorable 
Conditions (single thrus te r ,  no so la r  radiation) 
In the annular  cathode, the heat load is distributed around the per imeter  
of the annulus (-1 cm)  ra ther  than being concentrated around the per imeter  
of the c i r cu la r  m e r c u r y  pool 
orative equilibrium with the m e r c u r y  feed rate) .  This decrease  in thermal  
loading density allows the s a m e  heat to be transmitted to the thrus te r  shell ,  
with a considerable reduction in the temperature  drop  required. 
for  a m e r c u r y  surface temperature  of 3OO0C and a beam curren t  of 600 6, 
only a 5OoC temperature  drop is developed by the annular geometry,  compared 
with the nearly 4OO0C required by the c i rcu lar  geometry under the s a m e  total 
heat loading. 
cm for  a m e r c u r y  pool a t  3OO0C i n  evap- 
W e  s e e  that 
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VI. LM CATHODE ELECTRON-BOMBARDMENT DISCHARGE STUDIES 
The discharge in a n  LM cathode thrus te r  differs  in three important 
respects  f rom that in a th rus t e r  with a conventional cathode: (1) electron 
emission takes place with extremely high cu r ren t  densit ies f rom a local 
high-density plasma region, r a the r  than a t  the relatively low cu r ren t  densit ies 
associated with thermionic emission;  (2) the electron cu r ren t  drawn f rom a n  
LM cathode depends only on the applied voltage and the plasma conditions in 
the discharge chamber ,  ra ther  than being saturation l imited; and (3) both the 
propellant a toms and the ionizing electrons are emitted by the LM cathode, 
instead of being introduced into the discharge chamber  in separa te  locations. 
Concerning the f i r s t  one of these points it mus t  be s ta ted that the 
emission mechanism of liquid-metal c a t h ~ d e s  is not sat isfactor i ly  understood 
a t  present3: as evidenced by the many conflicting theories which have been 
proposed. Fortunately,  however, the purely phenomenological knowledge 
that we have gained about the emission f rom LM cathodes (as descr ibed in 
Section 11) has proved fully adequate fo r  attaining the objectives of the contract .  
The other  two points of difference have been the explicit o r  iwplicit  
subject of the theoretical  and experimental  studies descr ibed below. I t  should 
be noted that some of our resu l t s  a r e  a l s o  of importance for  electron-bom- 
bardment th rus te rs  with other cathode types, especially our  findings concern- 
ing the effects of the magnetic field geometry and of baffles. + Moreover,  
our  experiments have led  us  to believe that the consequences of the distinction 
expressed  in point (3) above can be essentially eliminated by a suitable baffle 
design; because e lec t r ic  and magnetic fields can  be utilized fo r  guidance of 
the chargedparticle f l u x  while the neutral a tom f lux  is affected only by mechani- 
cal  interaction with the baffles, we can separately d i rec t  both species  to a 
region of optimum ent ry  into the discharge chamber.  
The following references a r e  representative of these diverging theories:  4. -. 
1. I. Langmuir,  Gen. Elec t r ic  Rev, 26 ,  731 (1923) (field-emission theory). 
2.  
3. J. Rothstein, Phys.  Rev. 78, 331, 1950 (modified thermionic emission 
S .  S. Mackeown, Phys .  Rev. 34, 611 (1929) (theoretical  application of 
Ref. (1) to mercu ry  arc).  
theory, involving metall icyonduction in very  dense vapor region on 
cathode surface) .  
A .  E .  Robson andA,von Engel,  Nature 175, 646 (1955) (e lectron emission 
by means  of excited a toms) ,  
A .  Bauer,  Z .  Physik - 138, 35 (1954), Ann. Physik 18, 387 (1956) 
(combination of thermionic emiss ion  with field-emission theory). 
K.  G. Hernqvist ,  Phys.  Rev. I_ 109, 636 (1958) (electron emission by 
means  of excited a toms ,  mechanism different f rom Ref. (4)). 
-
4. 
5. 
6 .  
-
t F o r  example,  the performance af the NASA -LeRC hollow-cathode 
SERT 11 thrus te r  has  been improved substantially by incorporation of a 
baffle and a magnetic shield for  the cathode; both components were  inde- 
pendently invented and their  effectiveness was f i r s t  demonstrated in the 
LM cathode thrus te r  programs.  
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A .  Theoretical  Model fo r  Discharge 
In this section we  will describe an  at tempt  to evolve a model of the 
The discharge mechanism in a n  electron-bombardment type ion thruster .  
description given should be considered as a f i r s t  s tep  only. 
at tempt  a t  an  analytical description of the discharge mechanism evolved 
ea r ly  in the r e sea rch  program. 
quired to achieve optimum thrus te r  performance with LM cathodes. 
the end of the contract  period and during the life tes t  extensions of this con- 
t rac t ,  considerable p rogres s  was made  in lowering the magnetic field r e -  
quired fo r  optimum thrus te r  performance. Because of the differences in 
magnetic field, this analytical model is only a f i r s t  o rder  approximation. 
This f i r s t  
A t  that t ime high magnetic fields were  r e -  
Toward 
We will consider a cylindrical discharge chamber with a n  LM 
cathode, installed in the center  of one of the end plates.  
l e m  tractable the following assumptions will be made:  
To make  the prob- 
1. 
2 .  
3 .  
4. 
5. 
6 .  
7. 
8. 
A m e r c u r y  a r c  column exis ts  along the center  of the discharge 
chamber a t  a potential somewhat higher than the ionization 
potential of mercu ry  ( see  Fig.  39) .  
All  electrons emitted f rom the LM cathode a r e  trapped in the 
discharge chamber  and diffuse slowly out to the anode. 
The diffusing electrons produce electron-ion pa i rs .  The pro-  
duction ra te  is so small  that the number of pr imary  electrons 
far exceeds the number of secondary electrons.  
The ions acce lera te  radially inward and c r o s s  the center  per i -  
odically; a t  the s a m e  time, they dr i f t  axially with thermal  
velocity to one of the end plates.  
The ion density approximately equals the electron density 
throughout 
Because both ions and electrons can commute f ree ly  in the axial 
direction, the radial  potential distribution i s  essentially inde- 
pendent of the axial position. 
Because of the small  number of ionizing collisions, the p r imary  
electrons lose l i t t le energy in collisions, and their  kinetic energy 
is taken to be equal to the space potential. \ 
The radial  drift  of the electrons resul ts  only f rom classical  
c r o s s  -field diffusion. A nomalous proces s e s  a r e  considered 
unimportant (because of the small magnitude of the magnetic field). ~~ 
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F i g .  39.  Assumed rad ia l  potential distribution. 
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The m o s t  c r i t i ca l  of these assumptions is that relating to  the plasma 
potential distribution. F o r  this reason ,  the measu remen t  of the plasma 
potential distribution has been given pr ior i ty  in  the experimental  investi-  
gation of the discharge mechanism.  
be expressed  in MKSA units as" 
Under the above assumptions,  the radial  e lectron dr i f t  velocity can 
Pe 
2 d r  
Pe 
2 
- 1 me 
V d - - -  3 - - B2 vc e 
o r  
where 
magnetic induction 
constants ( n  = 0, 1 , 2 , 3 )  
e lectron charge  
e lec t ron  mass 
space  potential 
velocity of e lectrons corresponding to V 
radial electron dr i f t  velocity 
coll ision frequency of e lectrons 
e lec t ron  space charge density. 
The radial  e lectron c u r r e n t  density is then 
:% S. Glasstoee and  R, H. Loveberg,  Controlled Thermonuclear  
Reactions (Van Nostrand, New York, 1960)', Chap. 12. 
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where  
i 
J E radial e lec t ron  c u r r e n t  density 
E 
5 
rad ius  of cent ra l  a r c  column 
radial  e lec t ron  cu r ren t  density a t  a r c  column radius .  
r O  
J O  
W e  will now es t imate  the radial potential distribution. 
along the a r c  column, within a radius  ro, the potential is Vo, 
radi i  the potential will be taken to increase  l inear ly  with radius 
We will a s s u m e  that 
At  l a r g e r  
v = c  I r a  (3 )  
According to  ( 2 ) ,  dpe /d r  is p.roportiona1 to l / r 2  and 
1 a,, 
Pe r (4) 
We will now de termine  whether a n  electron distribution as  given by (4) can 
produce a n  ion distribution of the s a m e  radial  dependence - s o  that neutrality 
can  be p re se rved  throughout. 
assumptions.  
constant throughout the discharge volume. 
stantially with electron energy and  hence presumably with radius .  
computation will provide too many ions near  the discharge axis.) Second, 
we will a s s u m e  that all ions generated within a thin, hollow cylinder of 
radius r and  thickness d r y  while moving through the discharge center ,  
will dis t r ibute  themselves  uniformly over  the en t i re  cylindrical  volume within 
radius r .  (Actually, because the ions move on radial  t r a j ec to r i e s ,  they con- 
verge m o r e  toward the center .  
ion concentration nea r  the discharge ax i s .  
direct ions and  m a y  tend par t ia l ly  to  compensate each other.  ) 
F o r  this purpose we will make two simplifying 
F i r s t ,  we will consider  that  the ionization frequency vi is 
(Actually, vi  increases  sub-  
Thus our 
Hence, our  computation will give a too low 
Our two e r r o r s  thus a r e  i n  opposite 
The total ion production pe r  unit t ime in a cylindrical  shel l  of rad ius  
r,  thickness d r y  and  length L is * 
q = vi  pe 2 1 ~ r  L d r .  
If the charges  move to  the end plates a t  velocity v+, they will accumulate  
within the cylinder of radius  r to a density of 
L 
t r v  
d r  
81 
i 
i 
r 
o r  with 
d r  
7. 
V i L  
dp. = C 2  - 
t r 1 V 
The total ion density a t  radius r is then 
‘1 
V i L  
p i = s  c - - - 2  
r 2 V+ r 
Except c lose to the chamber  wall (at r l ) ,  one can  approximate the ion 
density by 
v. L 
1. 1 .  N p i  = c2 - - 
r vt 
therefore ,  ion and electron densit ies indeed possess  the same  variation 
with radius.  In order  that their  magnitude will a l s o  be equal, one mus t  
requi re  that 
t 
1 L 
V 
v . =  - . 
Because v i  depends upon the average  electron energy, eq, (6) can be satisfied 
by the choice of a suitable discharge potential. 
With (2) and (6) we now have two equations which can descr ibe some 
of the important discharge propert ies .  
f 011 owing c ha r a c  te ris tic s : 
These two equations predict  the 
1, According to  (2), the discharge can  accommodate a wide w n g e  of 
a r c  cur ren ts  without a change in discharge potential. 
arc  cu r ren t  increases ,  the charge density increases  proportionally, as does 
the crossed-f ie ld  diffusion rate .  The rat io  of ion cu r ren t  to a rc  cu r ren t  
remains independent of the a r c  current .  
Hughes Resea rch  Laborator ies ,  the discharge voltage indeed var ies  only 
slightly with a r c  cur ren t ,  and a t  a fixed mass utilization the ion cu r ren t  
tq a r c  cu r ren t  ratio is not very sensit ive to the a r c  cur ren t .  
This is because as  the 
In actual  discharges tes ted a t  
82 
2. F o r  given discharge potential and a r c  cur ren t ,  the charge density 
Hence, the rat io  
In actual  discharges,  
increases  proportionally to the square  of the magnetic field. 
of ion cu r ren t  to a r c  c u r r e n t  should increase s i q i l a r l y .  
this ra t io  indeed increases  substantially with B." The fact  that the increase  
is slower than predicted and eventually stops w a y  be attr ibuted to  the l imited 
number of neutrals available fo r  ionization. 
3 .  The ratio of ion to a r c  cu r ren t  can be determined f r o m  the follow- 
ing equation, which can  be derived from. (2) through (5): 
r (r i  - ro). 1 -  3 e B' 'i L - _ - -  - - - 2 m C 3  vC V o  o 'e 
With 
8 -1 -2 v c r  3 x 10 s e c  at  10 Torr  
a nd 
4 - 1  
V .  'Y 10 sec  ( f rom eq. ( 6 ) ) ,  
1 -  
this ra t io  becomes approximately 1:20, which is relatively close to the ob- 
se rved  rat ios .  
4. The radial  variation of the electron and ion density var ies  as  
l / r ,  according to (4). A measurement  of the extracted ion beam cur ren t  
density gave a curve which closely resembles  the 1 / r  variatioq. 
B. Plasma Potential Measurements  
F r o m  Section VJ-A i t  is apparent  that the plasma potential is one 
of the important pa rame te r s  which m u s t  be known in o rde r  that the model 
proposed for  the discharge mechanism of a n  electron bombardment thrus te r  
can be verified. 
potential measurement  is that the diagnostic tool should not change the po- 
tential to be measured.  
measQring techniques: (1) a lithium ion beam probe and  (2)  a Langmuir probe. 
An important consideration in connection with a plasma 
We have investigated two of the various possible 
Note that €or  a fixed discharge chamber geometry and fixed arc  JI -0 
current ,  the discharge voltage a l s o  increaqes with B. 
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The modulated l i thium ion beam probe technique does not pe r tu rb  
the plasma appreciably and  does not requi re  that physical probes be p19ced 
in  the discharge chamber  volume. However, no useful potential prof i les  
could be obtained with this method f o r  reasons  descr ibed  below. 
The  Langmuir  probe technique requi res  the actual  inser t ion of a 
physical probe into the d ischarge  chamber .  Although this m u s t  d i s turb  
the discharge to some  extent., no noticeable deviations of operating con- 
ditions w e r e  observed as the probe was swept through i t s  range of t ravel ,  
and the operating cha rac t e r i s t i c s  of the discharge chamber  with the probe 
inser ted  w e r e  ve ry  similar to those without the probe, 
with this technique a r e  repor ted  in Section VI-B-2.  
Resul ts  obtained 
1. Lithium Ion Beam Probe  
Essent ia l ly ,  the modulated l i thium ion beam method cons is t s  
of measur ing  the t ime of flight of t e s t  cha rges  through the d ischarge  region 
of interest ,  
gun by a given potential. 
If the potential there is somewhat higher  than the potential of the acce le ra to r  
e lectrode,  the charges  will be slowed down. Thus,  the i r  flight t ime is 
longer than i t  would be if no retarding potential exis ted,  A value f o r  the 
average  potential along the path of the t e s t  par t ic le  can be determined by 
measur ing  the t ime delay. 
in the axial direct ion at  one given rad ia l  location. In o rde r  to obtain the 
potential profile,  measu remen t s  m u s t  be made a t  s eve ra l  radial positions 
by moving the ion gun in the rad ia l  direction. 
The t e s t  charges  a r e  acce lera ted  to  a suitable velocity in a 
The charges  then en ter  the region to  be probed. 
This measu remen t  then gives a n  ave rage  potential 
Because the l i thium ion beam c u r r e n t  was small and the random 
cur ren t s  in the m e r c u r y  p lasma w e r e  l a rge ,  a se r ious  signal-to-noise 
ra t io  problem a r o s e .  T o  help overcome this problem, the l i thium ion beam 
was density modulated a t  a high frequency and  the detected signal wae phase-  
sensit ively detected. This modulation essent ia l ly  discr iminated aga ins t  the 
random fluctuations of the plasma.  The measu remen t  then consis ted of 
finding the phase shift  of the ion beam signal. Successful experiments  were  
conducted, providing potential profiles of the "vacuum" condition, i. e . ,  
without a p lasma present .  However, it was  not possible to make  a potential 
profile measu remen t  with a plasma present .  A probable reason  f o r  the l ack  
of signal is scat ter ing of the l i thium ion beam a n d  result ing low transmission.  
2, Langmuir  P robe  
A Langmuir  probe immersed  in a p lasma will collect  a ce r t a in  
When current., depending on the potential of the probe and  i t s  physical shape, 
biased s t rongly negative with respec t  to plasma potential, the e lectrons of 
the plasma a r e  repelled f r o m  the probe and  saturat ion ion c u r r e n t  is drawn 
by the probe f r o m  the plasma.  A s  the negative bias is  reduced to ze ro ,  even 
the slowest of the plasma e lec t rons  a r e  collected by the probe, s o  that a d -  
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vancipg to  a positive probe bias c r e a t e s  no fur ther  increase  in the electron 
c u r r e n t  Gollected by the probe. The current-vol tage cha rac t e r i s t i c  exhibited 
by a Langmuir  probe is distinguished by a n  electron-repell ing region in 
which the e lec t ron  cu r ren t  changes markedly  with r e spec t  to probe potential, 
t e rmina ted  by a t ransi t ion to a n  electron-saturat ion region which exhibits 
no variation in e lectron curSent as a function of probe potential. 
Under conditions where  the dimensions of a Langmuir  probe a r e  
l a r g e  with r e spec t  to the plasma Debye length, the t ransi t ion f r o m  the 
electron-repell ing region to  the electronTsaturation region of the c u r r e n t -  
voltage cha rac t e r i s t i c  is quite abrupt  and  can be used  to de te rmine  the value 
of the plasma potentiql. F o r  the c a s e  of in te res t  in our  experiment ,  however, 
we wish to  use  the sanallest probe possible to avoid disturbing the proper t ies  
of the plasma which we wish  to m e a s u r e .  Because this plasma has a r e l a -  
tively low number density and  a relzt ively high e lec t ron  tempera ture ,  the 
probe d iameter  cannot be much l a r g e r  and  in  fac t  is comparable  in s i ze  to 
the Debye length. This  conditiqn r e su l t s  in a rounding of the knee which 
m a r k s  the t ransi t ion between the electron-repel l ing region a n d  the electron-  
saturat ion region, thereby obscuring the exact  value of the p lasma potential. 
Nevertheless ,  the value of the plasma potential can be determined accura te ly  
by the use of thermionically emiss ive  probe. 
A Langmuir  probe may be heated s o  that it will emi t  e lectrons 
thermionically,  
plasma potential, the tliermibnic e lec t rons  a r e  not able  to  leave the probe 
and no emiss ion  c u r r e n t  resu l t s .  
with r e spec t  to the p lasma potential, thermionic e lec t rons  are emitted,  
causing a m a j o r  change in the current-vol tage cha rac t e r i s t i c  f r o m  the form 
exhibited by a nonemitting probe. By comparing the current-voltage c h a r -  
ac t e r i s t i c  of a n  emitting probe with that of a nonemitting probe it is  passible  
to  determine the probe potential a t  which the e lec t ron  emission f i r s t  de-  
c r e a s e s ;  the location of this point de te rmines  the plasma potential. 
tain a c l ea r  indication of plasma potential by use of the emiss ive  probe 
technique, i t  is desirabIe to  thermionically l imi t  the e lec t ron  emiss ion  
c u r r e n t  It to  a value which is l e s s  than the amount  which can  be neutralized 
by the p lasma 's  random ion cu r ren t  Ii i n  the vicinity of the probe: 
If such a probe is biased positively with respec t  to the 
When the probe is biased negatively 
To  ob- 
Then, so long as the probe is negative with r e spec t  to  the p lasma potential, 
the total emit ted e lec t ron  c u r r e n t  (within the above l imit)  flows f r e e l y  f r o m  
the probe into the plasma without setting up a space  charge  b a r r i e r .  A s  
the probe is biased positive with r e spec t  t o  the p lasma,  the emit ted c u r r e n t  
dec reases  a t  a n  exponential ra te ,  providing a c l e a r  indication of plasma 
potential. 
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Once the plasma potential has been determined a t  a given position, 
Af te r  s eve ra l  measu remen t s  have been made  
the probe can be moved to  s o m e  other  point in  the region and  another  
determinat ion can be made .  
in a given plane in the discharge chamber ,  a potential profile f o r  that 
plane can be drawn. 
The actual  probe ( s e e  F ig .  40) consis ted of a U-shaped 75-pm 
diameter  tungsten wi re ;  the U was  1 .5  mm high, with legs  0. 75 mm a p a r t .  
This  probe was supported by 0.25-mm diameter  tungsten wi re  legs ,  enclosed 
in a c e r a m i c  insulator.  
The probe was mounted on a movable feedthrough to pe rmi t  measu remen t  
of the potential a t  various locations within the discharge chamber .  
ca se  of the thermionic cathode, using a n  a rgon  or m e r c u r y  p lasma,  the 
probe was moved l inear ly  a c r o s s  half the discharge chamber  in a plane 
2 .5  c m  f r o m  the discharge-chamber.  end plate. F o r  the LM cathode, the 
probe projected approximately 7 cm into the plasma,  making a 45O angle 
with the ax i s  of the discharge chamber .  The probe was  rotated about a 
l ine paral le l  to the d ischarge  chamber  ax i s  but displaced along a radius 
toward the anode. 
of the discharge chamber  a t  the midplane.  
The outside d iameter  of the tube was  1 .25  mm. 
For the 
It  was thus possible to scan  a c r o s s  the complete d iameter  
The electronic  c i r cu i t ry  f o r  the probe was  extrerpely s imple.  
probe was  heated by a floating power supply. 
e renced  to  the discharge chamber  end plates ,  a n d  probe cu r ren t  and voltage 
were  recorded  on a n  X-Y r eco rde r .  
The 
The probe voltage was ref- 
When data w e r e  taken, the emiss ive  charac te r i s t ic  was  plotted 
f i r s t ;  the probe hea ter  power then was dec reased  s o  that no emiss ion  took 
place,  and the charac te r i s t ic  was r e t r aced .  The probe was kept w a r m  a t  
all t imes  so that the sur face  remained clean. 
A typical resu l t  is the potential distribution shown in F ig .  41 fo r  
a n  a rgon  discharge with a thermionic  cathode operating a t  a n  a r c  voltage 
of 30 V ,  a n  a r c  c u r r e n t  of Q .  85 A ,  and  a magnetic field of 10 G. In this 
ca se  the p lasma potential is relatively uniform a c r o s s  the discharge 
chamber ,  dropping off to anode potential near  the anode surface.  
A typical potential profile for  a s imulated 15-cm ion th rus t e r  oper-  
ating with a n  LM cathode is shown in F ig .  42, 
cathode r eces sed  into a magnetic shield and  operating with a centered  
floating baffle a t  a n  a r c  voltage of 30 V,  a n  a r c  c u r r e n t  of 8 A ,  a n ,  e lectron-  
to-atom ra t io  of 26, and  a magnetic field of 120 C. Here  the potential 
profile is depressed  on the axis with a relatively small potential gradient  
a t  the center  and  a l a r g e  potential gradient  going toward the anode. 
potential profile is re la t ively insensi t ive to changes in the electron-to-  
a t o m  rat io ,  and  the potential depression increases  when the applied 
magnetic field increases .  
the a r c  cu r ren t  dec reases .  
This case  is f o r  a n  LM 
The 
The potential d e p r e s s i m  a l p 0  increases  when 
In the l imi t  of z e r o  a rc  cu r ren t ,  where  no 
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Fig .  40. Plasma potential probe. 
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Fig .  41. Typical p lasma potential profile for ion th rus t e r  operat-  
ing with thermionic  cathode. 
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F i g .  42. Typical p lasma potential profile for LM cathode ion 
t h r u s t e r .  
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plasma exis t s ,  the vacuum potential profile is obtained; comparison with 
the theoretically expected profile can s e r v e  as  a t e s t  fo r  the measur ing  
technique. 
C. Experimental  5 tudy of C onf igura tion Effects 
The th rus t e r  geometry used a t  the beginning of the cont rac t  period 
was  identical to  that of the conventional Kaufman th rus t e r ,  as implemented 
in the 20-crn NASA-LeRC unit. 
proving per formance  with a n  L M  cathode was the inser t ion of a baffle, as 
descr ibed  in Section V. 
additional experiments  w e r e  per formed on laboratory- type th rus t e r s  of 
flexible geometry,  with the following resu l t s :  
The  m o s t  important modification in im- 
While the f irst  p a r t  of the life tes t  was  in p r o g r e s s ,  
In a thrus te r  with permanent-magnet  type geometry (io e .  with a 
sof t - i ron  ups t ream end plate) i t  was  found advantageous to use  the baffle 
to shield the plasma region magnetically immediately downstream f r o m  
1 
J 
the cathode. 
the electrons in the low field region between the cathode and baffle, al low- 
ing them to diffuse around i t  m o r e  readily;  this dec reased  the a r c  r e s i s t -  
ance  and the sou rce  energy  p e r  ion expended in the discharge chamber .  
This  provided a cyclotron radius  l a r g e r  than the baffle f o r  
1 
1: 
1 
i 
The influence of the magnetic field geometry  was  investigated 
using a th rus t e r  equipped with Helmholtz coils,  a segmented anode, and 
a beam scanning device. In all configurations tes ted,  the best  per form-  
ance  (high mass utilization, low source  energy  p e r  ion) resu l ted  when 
near ly  all (> 90%) of the a r c  c u r r e n t  was collected on the anode segment  
nea res t  the extract ion e lec t rodes .  
f ields which diverge in the downstream direction. 
- 1  
This  was possible only with magnetic 
With convergent m a g -  
netic fields the m a j o r  f rac t ion  of the cathode c u r r e n t  was collected on the 
fa r thes t  ups t r eam segment  of the anode, result ing in ve ry  poor pe r fo rm-  ".I 
ance.  I t  was a l s o  found that the anode segments  which did not col lect  
appreciable  f ract ions of the cu r ren t  could be run a t  cathode potential 
with no change in per formance  or discharge voltage. However, if  a n  
anode segment  which was collecting cu r ren t  was  run a t  cathode potential, 
c r eased ,  because the electrons w e r e  forced  to c r o s s  m o r e  f l u x  l ines  to 
reach  the act ive anode. 
the beam c u r r e n t  changed only slightly while the discharge voltage in- i s 
The effect  of the magnetic field divergence is demonstrated by the 
ion beam profiles shown in F ig .  43.  
distribution becomes much m o r e  peaked as the field is changed f r o m  di- 
vergent to convergent.  
I t  is seen  that the ion c u r r e n t  density 
F igu re  44 shows beam profi les  taken with a divergent  magnet ic  
f ie ld  with and  without a cent ra l -d isk  baffle. The baffle flattens the d is -  
tribution while raising the beam c u r r e n t  by nearly a fac tor  of two in tke 
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DIVERGENT 
MAGNETIC FIELD 
RADIUS 
F i g ,  4 3 .  
Effect of magnetic field divergence on beam 
profi le  measu red  3 c m  downstream of acce l  
e lec t rode .  
r ep resen t s  25 c m  diameter ;  the t h r u s t e r  
d iameter  was 20 crn. 
The total  width of the graph  
91 
92 
E679- 
I 
BAFFLE POSITION 
CLOSE TO CATHODE 
/ // I \ \  
RADIUS Y 
Fig .  44. 
Effect of the central-disk baffle on beam profile 
measu red  3 c m  downstream of acce l  e lec t rode .  
The total  width of the graph  represents  25 cm 
diameter ;  the th rus t e r  d i ame te r  was  20 c m .  
It 
example given. 
gration over  the en t i re  extraction a r e a  will  weight the off-axis contr i -  
butions to  the beam c u r r e n t  in proportion to the i r  distance f r o m  the 
axis. ) 
(Note that because of the rotational symmetry ,  a n  inte- 
When the baffle is  moved downstream (with a divergent magnetic 
field),  the distribution becomes double peaked. This resu l t s  because 
under these conditions the energe t ic  p r i m a r y  e lec t rons  (which contribute 
heavily to ion generation) cannot t rave l  far enough between baffJe and  
extract ion sys t em to have a sufficient probability f o r  diffusing into the 
"magnetic shadow" of the baffle. 
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VII. RELIABILITY AND QUALITY ASSURANCE 
The LM cathode and thrus te r  components 
for  the life tes t  were  cprefully constructed to str  
dimensions and processing techniques as specifi  
re leased by the prQject engineer. 
mensions was invoked when necessary  ta insure adherence to the draw- 
ings. Mater ia l  purchased for  use on the tes t  i tems was  reviewed by 
receiving inspection and submitted to  the project engineer fo r  approval 
before re lease  to the fabrication areas. 
were  fabricated 
n t j r  olle d drawings 
Complete inspection of cr i t ical  di-  
Cert i f icates  of compliance and chemical and physical analyses  
of raw ma te r i a l s  were  placed on fi le,  a f t e r  acceptance,  with the purchase 
o rde r s  in the receiving department.  . The Sollowing process  specifications 
were  utilized during the fabrication and assembly  of the LM cathode and 
thrus te r  p r io r  to and during the tes ts .  
1. IPD-PR-003 Cleaning Procedure  for  Stainless Steel p a r t s  
2. 
3 .  
IPD-PR-014 Dry Hydrogen Fi r ing  Moly P a r t s  
IPD-PR-015 Dry  Hydrogen Fi r ing  Stainless Steel P a r t s  
4. IPD-PR-016 Cleaning & Fir ing  of Ceramic  P a r t s  
5. IPD-PR-026 S t r e s s  Relieving Moly Electrodes 
6. IPD-PR-027 Cleaning Moly 
7. IPDTPR-031 Cleaning of Swagelok Fitt ings 
The equipment and data logs ,  as submitted and approved by the 
NASA Pro jec t  Manager,  were  utilized for  documenting all significant 
data and happenings associated with the unit, including assembly,  in- 
spection, testing, and operating time. These fo rms  were  used throughout 
t4e life test .  All  disqontinuances of the t e s t  which occurred and  a r e  noted 
in  the log were  due to the ground t e s t  environment and to periodic p re -  
ventive maintenance of the vacuum facility. These a r e  discussed in detail 
in Section V - E - 4  of this report .  The ground environment effects were  not 
under t e s t  as  specified by the contract;  therefore,  fa i lure  repor t s  and 
correct ive act ion were  not initiated. 
fa i lure  of cathode, th rus te r ,  feed sys tem,  o r  neutralizer occurred during 
the ent i re  tes t  period. 
It should be noted that no intrinsic 
Operating procedures  were  designated by the responsible program 
manager  and consisted of rigid processing o r  operating rules.  These p re -  
cautions insured the uniformity of applied procedures neces’sary to run the 
95 
t es t  f o r  long periods of t ime. 
Throughout the testing p rogram the Hughes P r i m a r y  Standards 
This  calibration was  done with equipment direct ly  t raceable  to 
Labora tory  provided cal ibrat ion of all measur ing  equipment on a periodic 
basis .  
the National Bureau of Standards.  
the equipment was cal ibrated both before and  a f t e r  the life tes t s .  
In addition to  the periodic inspection, 
4 
i 
i 
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VIII. PRESENT STATUS AND CONCLUSION 
While the life t e s t  was performed with a n  LM cathode kept a t  
w35OC, LM cathodes which a r e  designed fo r  temperatures  o f w  30OoC 
have since been operated successfully in our laboratory under Contract 
NASW-1404. Per formance  equalling that of the l i fe- tes t  th rus te r  has  
been achieved using such high-temperature LM cathodes and a light- 
weight permanent magnet th rus te r ,  thus eliminatiqg the magnet power 
and the associated sys tem weight. Thrus t e r  designs have been developed 
i n  which the cathode is cooled by radiation f r o m  the s t ruc tura l  elements 
of the thrus te r  itself. A purely e lec t r ica l  ignitor with no moviqg par t s  
has  a l s o  been demonstrated and would replace the one shown in Fig.  22 
in a flight-type thrus te r .  
These above developments and the following resu l t s  of the life 
tes t  - 
e the absence of any cathode degradation a f t e r  3 5 , 0 0 0  hours 
of ope r a t  ion 
0 the complete stabil i ty of the thrus te r  charac te r i s t ics  Qver  
r 4 ,  000 hours  of t e s t  
0 the extrapolated acce le ra to r  l ifetime of > 10, 000 hours  
0 the complete insensitivity of th rus te r  and cathode to 
intermittent operation and esposure to air (even by 
ca tas tropic vacuum fai lure)  
Q the demonstration of 8570 mass utilization a t  a power 
expenditure of 393 eV/Hg ion, with fur ther  dras t ic  
p e rf orma nc e imp rove m e  nt s in s ig ht" 
- permit  the conclusion that th rus te r  sys tems based on the LM cathode 
competitive with any present  e lec t r ic  propulsion sys tem and at t ract ive 
actual space missions . 
are 
for  
$ Note added in proof: Since this repor t  was  writ ten,  some of the 
expected performance improvements have a l ready  been achieved a t  our  
laboratory.  8570 mass utilization a t  a total power expenditure of 
-250  eV/ion ( reca l l  that no heater  o r  vaporizer  power is required with 
this cathode) has  been obe ined  as a resul t  of work under Contract 
JPL 952131, Subcontract under Contract NAS 7r100 (Task  Order  RD-26). 
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APPENDIX-INVENTIONS AND NEW TECHNOLOGY 
A .  Patentable  Inventions 
During the investigations reported h e r e ,  th ree  inveptions 
believed to  be patentable have been reduced to prac t ice  f o r  the f i r s t  
t ime.  
and  a r e  descr ibed in Patent  Disclosures  which have been forwarded to  
NASA Western Operations Office fo r  fur ther  processing.  
invention w a s  conceived and  i ts  feasibil i ty demonstrated during a 
Company-funded p rogram c a r r i e d  out simultaneously with the life - tes t  
extensions of the subject  contract .  
Two of these inventions w e r e  implemented with cont rac t  funding 
The third 
The patent docket numbers., t i t les ,  names of inventors,  and  
dates  of f i r s t  drawing o r  wr i t ten  description of these inventions a r e  
l i s ted  below; a l s o  shown are the sect ions of this r epor t  descr ibing the 
use of these inventions. 
P D  67063 "Large Length to Diameter  Rat io  F i l t e r  o r  
Impedance,"  by J .  A.  Snyder,  March  23, 1966 
(Section 111-P of this repor t )  
P D  67064 "Liquid Metal Propel lant  Refill Sys tem,  I '  by 
T .  A .  Planz,  August 14, 1965 (Section 111-C 
of this repor t )  
P D  7025 "Liquid-Mercury Flow Mete r ,  by H. J. King, 
W .  0. Eckhqrdt,  and  J .  A .  Snyder,  Apr i l  28, 
1966 (Section 111-E of this repor t ) .  
B. New Technology 
All  experirnental resu l t s  desc r ibed  in this repor t  have been ob- 
tained without requir ing the use of new technologies beyond those devel-  
oped and reported under the preceding Contract  NAS 3-41 18. 
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